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Dear  Mrs.  Leufroy: 

Attached  please  find  Final  Technical  Reports,  Performance 
Reports,  or  transmittal  documents  for  subject  grant  under  the 
direction  of  C.  Barry  Raleigh,  Dean,  School  of  Ocean  and  Earth 
Science  and  Technology.  Also  attached  are  publications  resulting 
from  the  research  made  possible  through  subject  ONR  grant. 


We  are  presenting  the  reports  and  publications,  provided  by 
the  PI'S,  in  the  proposal/contract  format.  We  will  continue  to 
seek  the  information  requested  from  those  who  have  left  the 
University  of  Hawaii. 


The  School  of  Ocean  and  Earth  Science  and  Technology, 
University  of  Hawaii  is  grateful  for  the  continued  support  of  the 
Office  of  Naval  Research  for  our  marine  geophysical,  oceanographic 
and  atmospheric  studies. 
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Administration 


The  overall  coordination,  direction  and 
administration  of  the  projects  in  the  Contract 
N00014-87-K-0181  was  the  responsibility  of  C,  Barry 
Raleigh,  Dean  of  the  University  of  Hawaii  School  of  Ocean 
and  Earth  Science  and  Technology  (SOEST) .  In  1989,  the 
Board  of  Regents  of  the  University  approved  the  creation 
of  SOEST  with  the  Hawaii  Institute  of  Geophysics  (HIG) 
as  a  unit  of  the  School. 

Dr.  Roy  Hllkens,  HIG-P  staff  scientist,  is  the 
appointed  central  point  for  coordination  of  subtask 
operational  requirements  and  site  review  coordination. 
Any  inquiries  regarding  the  individual  subtask  reports 
should  be  directed  to  Dr.  Wilkens  or  the  subtask 
investigator  as  approriate. 

All  funds  received  under  this  grant  for  the 
Administration  of  the  contract  have  been  obligated  as 
defined  in  the  contract  award. 

We  are  grateful  for  the  continued  support  of  the 
Office  of  Naval  Research  for  marine,  oceanographic, 
geophysical  and  meteorological  research  at  SOEST. 


C.  Barry  Raleigh 
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Peter  Muller 
University  of  Hawaii 
1000  Pope  Road,  MSB  307 
Honolulu,  HI  96822 


(808)  956-8081 

SCIENCEnct  Mailbox:  P.MULLER/OMNET 
Dynamics  of  Small-Scale  Oceanic  Motions 

Research  Goals:  , 

Description  and  modeling  of  the  Idneraatica!  structure  and  dynamical 
processes  of  oceanic  motions  that  have  horizontal  scales  from  a  few 
meters  to  a  few  kilometers.  Understanding  the  role  that  these 
small-scale  motions  play  in  the  redistribution  and  mbdng  of 
momentum,  potential  vorticity,  heat,  and  salt. 

Objectives:  .  .  j  , 

Identify  the  processes  that  affect  the  kineroatical  and  dynamical 
evolution  of  near-inertial  internal  gravity  waves,  cs[wially  those 
processes  that  can  transfer  energy  out  of  near-inertial  internal 
waves 

into  the  internal  wave  continuum. 

Approach: 

Theory  and  numerical  modeling. 

Tasks  Completed: 

Theoretical  analysis  of  model  equations  that  filter  out  high 
frequency  internal  waves,  low  frequency  (geostrophic)  currents  and 
barotropic  motions  and  that  describe  efficiently  the  kinematical 
and  dynamical  evolution  of  near-inertial  internal  gravity  waves. 
Determination  of  the  Green’s  function  for  a  linearly  stratified 
ocean.  Analytical  representation  of  the  horizontal  and  vertical 
dispersion  of  near-inertial  wave  packets  for  a  linearly  stratified 
ocean. 

Scientific  Results: 

Fluctuations  in  the  atmospheric  windstress  excite  inertial 
o.scillations  in  the  surface  mixed  layer  and  a  fraction  of  the 


energy  from  th^(^ilIatioris.penctrates  the  ocean  interior  as 
ncafUnerlial  internal  wavia.  Tlic  further  kinematic  and  dynamic 
CTolutipn  of.thtse'  near-inertiaf  internal  waves  is  not  well 
uridcStt^.'  'Th^e  wavra^do.nol  propagate  well.  (Their  horizontal 
arid. vertical  group  veiocity,  approaches  zero.as  their  firequencies 
approach  the  Coriolis'frequeticy).'  Th«e  waves  also  do  not  interact 
well.,  (R«oriant  interactions  among  near-inertial  internal  waves  are 
impossible).  To  irivestigate  the  effects  that  determine  the 
evolution  pf  near-inertial  iriterrial  waves,  model  ^nations  have 
been  derived  that  filter, out-the  effect  of  high  frequency  internal 
waves.  lowTrequcn^  (gepstrophic)  currents  and'barotropic  motions, 
but  retain  the  effects, of  wndstrcss'fpfcing,  ndnlin^r  self- 
interaction,;lateral  variatioris'of  ocean  depth;  buoyancy  frequency 
and  Coriolis  frequency,  the  irieridional  component  of  the  earth’s 
rotation,  and  the  interaction  with  a  prescrit^  mean  flow.  These 
equations  are  well  suited  for  theoretical  investigations  and 
numerical  simulations.  The  dispersion  of  near-inertial  wave 
packets  for  a  linearly  stratified  ocean  can  be  represented 
analytically. 

Accomplishments: 

Theoretical  analysis  of  filtered  model  equations  for  near-inertial 
internal  waves  that  allow  focured  theoretical  investigations  and 
efficient  numerical  simulations. 


ONR-Sponsored  Publications 

P  Lien,  R.  C.  and  P.  Muller,  1992;  Normal  mode  decomposition  of 
small-scale  oceanic  motions.  J.  Phys.  Oceanogr..22, 1583-1595. 

P  Muller,  P.,  1993:  Diapycnal  mixing  in  the  ocean;  a  revie'v. 

In:  Large  Eddy  Simulation  of  Complex  Engineering  and 
Geophysicc!  Flows,  Cambridge 
Universify  Press,  455-487. 

PS  Schneider,  N.  and  P.  Muller,  1993:  On  the  sensitivity  of  the 
surface  equatorial  ocean  to  the  parameterization  of  vertical 
mbeing.  J.  Phys.  Occanogr.  (accepted) 

PS  Muller,  P.,  1993:  Ertcl’s  potential  vorticity  theorem  in 
physical  oceanography. 

PI  Garwood,  R.  W.,  Jr.,  P.  Muller  and  A,  Guest,  1993:  Modeling 
the  equatorial  entrainment  zone:  Response  to  diurnal  surface 
forcing. 

PI  Lien,  R.  C,  E.  Firing  and  P.  Muller,  1993:  Observation  of 
strong  inertial  oscillations  after  typhoon  Ofa. 


PI  Kldostc'reicl.  R.  C.  and’P.  Muller,  1W4:  Evolution  of  ncar- 
incrtial  wave  packeU,  Part  1:  Projection  onto  normal  modes. 

PI  Kloosterziel,  R.  C  and  P.  Muller,  1994:  Evolution  of  near- 
inertial  wave  packets,  Part  11:  Complete  solution. 
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2  Papers  submitted,  refereed  journals 
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2  Graduate  students  supported 
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0  Female  grad  students 
0  Minority  grad  students 
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0  Female  post-docs 
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0  Asian  post-docs 
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D’Asaro,  E  A.,  1989:  The  decay  of  wind-forced  mixed  layer 
inertial  oscillations  due  to  the  Beta  effect.  J.  Geophys.  Res.,  94, 
2045-2056. 

Ha.s.sclmann,  K.,  1970:  Wave-driven  inertial  oscillations.  Geophys. 
nuid  Dyn.,  1.  436-502. 

Kunze,  E,  1985:  Near  inertial  wave  propagation  in  geostrophic 
shear.  J.  Phys.  Occanogr.,  15,  544-565. 

Watson,  K.  M.,  1990:  The  coupling  of  surface  and  internal  gravity 
waves.  J.  Phys.  Occanogr.,  20, 1233-1248, 
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Peter  Muller 
University  of  Hawaii 
1000  Pope  Road,  MSB  307 
Honolulu,  HI  96822 


(808)956-8081 

SCIENCEnet  Mailbox:  P.MULLERyOMNET 
Dynamics  of  Small-Scale  Oceanic  Motions 
Research  Goals: 

Description  and  modeling  of  the  kinematical  structure  and 
dynamical  processes  of  oceanic  motions  that  have  horizontal 
scales  from  a  few  meters  to  a  few  kilometers.  Understanding 
the  role  that  these  small-scale  motions  play  in  the 
redistribution  and  mixing  of  momentum,  potential  vorticity, 
heat,  and  salt.  Contribute  to  the  construciton  of  a  global 
numerical  model  that  will  predict  this  redistribution  and  mixing. 

Objectives: 

Identify  the  processes  that  affect  the  kinematical  and 
dynamical  evolution  of  near-inertial  internal  gravity  waves, 
especially  those  processes  that  can  transfer  energy  out  of 
near-inertial  internal  waves  into  the  internal  wave 
continuum.  Simulate  these  processes  in  a  numerical  model. 
Assess  the  feasibility  of  monitoring  the  upper  ocean  internal 
wave  field  from  routinely  taken  measurements  with  ship 
mounted  Acoustic  Doppler  Current  Profilers.  Assess  the 
feasibility  of  using  such  observations  for  verification 
and  calibration  of  numerical  models. 

Approach: 

Blend  of  data  analysis,  theory  and  numerical  modeling. 

Tasb  Completed: 

Derivation  of  model  equations  that  filter  out  high  frequency 


internal  wavK,  low  fr^uen(y.(g^lrophic)  currents  and 
ba'rotrdpic  motions  arid'd^cribe  efficiently  the  kinematical 
and'd^ami^tevolution  of  near-ihertiaj  internal  gravi^ 
wav«.'  Initial  th'eofetiMl  analjsis  and  numertcal- 
•implementaiioh  of  (hMe'^uatioiis-  Preparation  of  current 
measure'merits'talcen  by  a  ship  mounted  Acoustic  Doppler  Current 
Profiler  in  the  wake  of  hurricane  Ofa  for  model^ata  comparison. 

Scientific  Results: 

Fluctuations  in  the  atmospheric  ynndstress  excite  inertial 
oscillations  indhe  surface  mixed  layer  a.id  a  fraction  of  the 
enef^'frbm  these  oscillations  penetraics  the  oceM  interior 
as  near-inertial  internal.wavds,  llie  further  kinematic  and 
dynamic  evolution  of  these  near-ineftial  internal  waves  is 
not  well  understood.  These  waves  do  not  propagate  well. 

.(Their  horizontal  and  vertical  group  velocity  approaches  zero 
as  their  frequencies  approach  the  ^riolis  frequency).  These 
waves  also  do  not  interact  well.  (Resonant  interactions  among 
near-inertial  internal  waves  are  impossible).  To  investigate 
the  effects  that  determine  the  evolution  of  near-inertial 
internal  waves,  model  equations  can  be  dsrived  that  filter  out 
the  effect  of  high  frequency  internal  waves,  low  frequency 
(geostropbic)  currents  and  barotropic  n.otions,  but  retain  the 
effects  of  windstress  forcing,  nonlinear  selfinteraction, 
lateral  variations  of  ocean  depth,  buoyancy  frequency  and 
Coriolis  frequency,  the  meridional  component  of  the  earth’s 
rotation,  and  the  intetaction  with  f  prescribed  mean  Dow.  These 
equations  are  well  suited  for  theoretical  investigations  and 
numerical  simulation. 

Accomplishments: 

Derivation  of  filtered  model  equations  for  near-inertial 
internal  waves  that  allow  focused  theoretical  investigations 
and  efficient  numerical  simulation. 

ONR-Sponsored  Publications 

P-  Lien,  R.-C.,  and  P.  Muller,  1992:  Consistency 

relations  of  gravity  and  vortical  modes  in  the  ocean. 

Deep  Sea  Res.,  39.  1595-1612. 

PS-  Schneider,  N.,  and  P.Muller,  1992:  On  the 

sensitivity  of  the  surface  equatorial  ocean  to  the 
parameterization  of  vertical  mixing.  J.  Phys.  Oceanogr. 

PS-  Muller,  P.,  1992:  Diapycnal  Mixing  in  the  Ocean:  a 
review.  In: "  Large  Eddy  Simulation  of  Complex 
Engineering  and  Geophysical  Flows,  Cambridge 


PI-  Kunze,  E.,  arid  P.  MuUer,  1991:  Internal  wave^lriven 
Ekman  flow  in  the  ocean  interior. 


PI-  Garwood.  R.W.,  Jr.,  P.C.  au,  P.  Muller  and  N. 

Schneider,  1991:  Modeling  the  equatorial  entrainment 
zone:  Response  to  diurnal  surface  forcing. 

PI-  Lien.  R-C,  E  Firing  and  P.  Muller,  1992:  Observations  of 
strong  inertial  oscillations  after  the  passage  of 
typhoon  Ofa. 

PI-  Mullet,  P.,  1991:  Ettel’s  potential  vorticity 
theorum  revisited. 

R.  Lien,  R.-C.,  and  P.  Muller,  1991:  Estimates  of 
small-scale  horizontal  divergence  and  relative 
vorticity  in  the  ocean.  In:  'Dynamics  of  Oceanic  ^ 

Internal  Gravity  Waves.  Proceedings, 'Aha  Huliko  a 

Hawaiian  Winter  Wortehop,  School  of  0<»an  and  Earth 
Science  and  Technology,  Special  Publication.'  143-156. 
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D’Asaro.EA.,  1989:  The  dewy  of  wiud-forMd  mixed  layer 
inertial  oscillations  due  to  the  Beta  effect.  J.  Geophys. 
Res.,' 94;  2045-2056. 

Hasselmann,  K.,  1970:  Wave-driven  inertial  oscillations. 
Geophys.  Fluid  Dyh.,  1,  463-502. 

Kunze,-  E,  .1985:  Near  inertial  wave  propagation  in 
geostrophic  shear.  J.  Phys.  Oceanogr.,  15, 544-565. 


Watson,  K.M.,  1990:  The  coupling  of  surface  and  internal 
gravity  waves.  J.  Phys.  Oceanogr.,  20, 1233-1248. 
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Brink,  K.H.  1989:  Evidence  /for  wind-driven  current 
fluctuations  in  the  Vestem /North  Atlantic.  J.  Geophys. 
Res.,  94,  2029-2044.  7 

Luther,  D.,  Chave,  A.D.,  Filloux,  J.,  and  P.  Spain,  1990: 
Evidence  for  local  and  nonlocal  barotropic  responses  to 
atioospheric  forcing  during  bempex.  Geophysical  Research 
letters,  17,  949-952.  / 
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SCIENCEnet  Mailbox:  P.MULIER/OMNET 


The  Dynamics  of  Oceanic  Internal  Gravity  Vaves 
Research  Goals: 

Understanding  the  dynamics  of  oceanic  internal  gravity  waves 
and  their  role  in  redistributing  and  mixing  momentum, 
potential  vorticity,  heat,  and  salt. 

Objectives: 

Review  our  current  knowledge  and  understanding  of  the 
dynamics  of  oceanic  internal  gravity  waves.  Assess  the 
feasibility  of  constructing  a  global  model  to  predict  the 
internal  wave  field  and  (diapycnal)  mixing. 

Approach: 

Conducting  workshop  with  leading  experts  in  the  field. 


-8- 


TELEHAIL  -  P.HULLER 


November  8,  1991 


Tasks  Clompleted: 

A  f our-aay,  workshop  on  "The  Dynamics  of  Oceanic  Internal 
Gravity  Vaves"  was  convened  from  January  15  to  18  in 
Honolulu,  Hawaii.  The  workshop  brou^t  together  ocean 
theorists,  modelers  and  observers  and  a  few  meteorologists. 

The  lectures  of  the  participants  are  published  in  the 
proceedings  volume: 

Uuller,  F.  and  D.  Henderson,  1991;  Dynamics  of  Oceanic 
Internal  Gravity  Vaves.  Proceedings,  "Aha  Huliko’a  Hawaiian 
Vinter  Vorkshop",  School  of  Ocean  and  Earth  Science  and 
Technology,  Special  Publication. 

and  in  the  summary  article: 

Muller,  P.,E.  D’Asaro  and  G.  Holloway,  1991:  Internal 
Gravity  Vaves  and  Mixing.  EOS,  Transactions,  American 
Geophysical  Onion. 

Scientific  Results; 

Internal  waves  and  their  effect  on  larger  scales  remain  a 

basic  and  important  issue.  Recent  progress  suggests  that  we 

have  the  tools  and  conceptual  framework  to  predict  the 

internal  wave  field  and  diapycnal  diffusivities  globally  in 

the  not  too  distant  future.  Such  optimism  is  not  warranted 

for  the  prediction  of  internal  wave  induced  momentum  fluxes 

and  isopycnal  dispersion. Present  understanding  is  focussed 

on  the  upper  ocean  and  thermocline.  Ve  are  less  clear  about 

internal  wave  behavior  in  shallow  seas,  the  abyss  and  near  boundaries. 

Accomplishments: 

Identification  of  the  issues  that  need  to  be  addressed  in 
order  to  understand  the  physics  necessary  for  the 
construction  of  a  global  internal  wave  model. 

ONR-Sponsored  Publications 

PS—  Muller,  P.,  E.  A’Asaro  and  G.  Holloway,  1991:  Internal 
Gravity  Vaves  and  Mixing.  EOS,  Transactions,  American 
Geophysical  Union. 

R-  Muller,  P.,  and  D.  Henderson,  1991:  Dynamics  of  Oceanic 
Internal  Gravity  Vaves.  Proceedings,  "Aha  Huliko’a 
Hawaiian  Vinter  Vorkshop,  School  of  Ocean  and  Earth 
Science  and  Technology,  Special  Publication." 
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Janssen,  P.A.E.M.,  Koman,  G.J.,  Bertotti,  L.,  Lionello,  P., 
Guillaume,  A.,  Cardone,  V.C.,  Greenvood,  J.A.,  Reistad,  M., 
Zambresku,  L.,  and  J.A.  Eving,  1988:  The  VAM  Model-A  Third 
Generation  Ocean  Wave  Prediction  Model.  J.  Phys.  Oceano. 

18,  1775-1810. 
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Peter  Huller 

University  of  Hawaii,  Department  of  Oceanography 
1000  Pope  Road,  MSB  307 
Honolulu,  HI  96822 


808/956-8081 

SCIENCEnet  Mailbox:  P.MULIER/OMNET 
Dynamics  of  small-scale  oceanic  motions 
Research  Goals: 

Description  and  modeling  of  the  kinematical  structure  and 
dynamical  processes  of  oceanic  motions  that  have  horizontal 
scales  from  a  few  meters  to  a  few  kilometers.  Understanding 
the  role  that  these  small-scale  motions  play  in  the 
redistribution  and  mixing  of  momentum,  potential  vorticity, 
heat,  and  salt. 

Objectives: 

Arriving  at  a  complete  kinematical  description  of  small-scale 
motions  in  terras  of  gravity  and  vortical  (i.e.,  potential 
vorticity  carrying)  motions. 

Assessing  the  feasibility  of  monitoring  internal  wave 
parameters  from  routinely  taken  measurements  with  ship 
mounted  Acoustic  Doppler  Current  Profilers. 

Determining  and  parameterizing  the  effect  of  internal  gravity 
waves  absorbed  in  critical  layers. 

Approach: 

Theoretical  and  data  analyses. 

Tasks  Completed: 

Estimation  of  frequency  spectra  of  relative  vorticity  and 
horizontal  divergence  from  three-point  measurements  in  the 
IVEX  (Muller  et  al.,  1976)  array.  Comparison  with  the 
predictions  of  Garrett  and  Munk  spectral  models. 

Development  of  software  to  calculate  spectra  and  to  extract 
inertial  and  tidal  amplitudes  from  Acoustic  Doppler  Current 
Profiler  data  taken  under  a  variety  of  circumstances. 
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Theoretical  estimation  of  the  amount  of  momentum  and  energy 
lost  in  critical  layers  by  an  internal  gravity  wave  field  of 
Garrett  and  Hunk  spectral  intensity  propagating  downward  into 
an  ambient  geostrophic  shear. 

Scientific  Results: 

Estimates  of  relative  vorticity  and  horizontal  divergence 
from  three-point  measurements  suffer  from  aliasing  and  mutual 
contamination.  Both  effects  can  be  expressed  by  array 
respnse  or  filter  functions.  Estimated  frequency  spectra  of 
horizontal  divergence  agree  well  with  the  prediction  of  the 
Garrett  and  Hunk. model  at  all  resolved  horizontal  scales. 
Estimated  spectra  of  relative  vorticity  are  not  reproduced  by 
the  Garrett  and  Hunk  model  at  small  horizontal  scales.  The 
number  of  horizontal  levels  in  the  IVEX  array  is  .not 
sufficient  to  determine  whether  this  discrepancy  is  due  to 
the  existence  of  small-scale  vortical  motions  or  to  the 
Garrett  and  Hunk  spectral  model  not  correctly  representing 
small-scale  internal  gravity  waves. 

Internal  waves  absorbed  in  vertical  critical  layers  of  an 
ambient  geostrophic  shear  are  found  to  generate  transverse 
Ekman  flows  of  0(0.01  cms-1),  which  is  insignificant,  and  to 
lose  energy  at  a  rate  of  up  to  5  nanowatts  per  kilogram, 
which  is  comparable  to  the  energy  loss  rate  suggested  for 
internal  wave  breaking  due  to  chance  superposition. 

Accomplishments: 

Estimate  of  relative  vorticity  and  horizontal  divergence  for 
horizontal  scales  from  about  1  km  to  5  m  and  in  the  frequency 
range  between  the  local  Coriolis  and  Brunt  Vaisala  frequencies. 

Theoretical  estimate  of  the  momentum  and  energy  lost  by 
internal  waves  in  vertical  critical  layers  of  an  ambient 
geostrophic  shear. 


REFERENCES 

Huller,  P.,  D.  J.  Olbers  and  J.  Villebrand,  1978:  The  IVEX 
spectrum.  J.  Geophys.  Res.,  83,  479-500. 
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Unstable  and  damped  modes  in  coupled  ocean  mixed  layer  and 
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Schneider,  1990:  Modeling  the  equatorial  entrainment  zone: 
Response  to  diurnal  surface  forcing.  J.  Geophys.  Res. 

PI  Kunze,  E.  and  P.  Muller:  Internal  wave-driven 

Ekman  flow  in  the  ocean  interior. 

PI  Lien,  R.  G.  and  P.  Muller:  Consistency  relations  of 

gravity  and  vortical  inodes. 

PI  Muller,  P.  Diapycnal  mixing  in  the  ocean. 

Proceedings  of  lES  Vorkshop,  Lecture  Notes  in  Engineering, 
Springer-Verlag. 

R  Garwood,  R.  V.,  P.  C.  Chu,  P.  Muller  and  N. 

Schneider,  1989:  Equatorial  entrainment  zone:  The  diurnal 
cycle.  In:  Proceedings  of  the  Western  Pacific 
International  Meeting  and  Workshop  on  TOGA/COARE,  435-443. 

C  Lien,  R.  C.  and  P.  Muller:  Normal  mode  decomposition 

of  small-scale  oceanic  motions.  AGU/ASLO  Ocean  Sciences 
Meeting,  New  Orleans,  February  1990. 

C  Karcher,  H.,  A.  Lippert,  and  P.  Muller:  The 

influence  of  spatially  varying  eddy-diffusivity  on  the  deep 
circulation.  European  Geophysical  Society  XV  General 
Assembly,  Copenhagen,  Denmark,  April  1990. 

C  Schneider,  N.,  P.  Muller,  and  R.  W.  Garwood,  Jr.: 

Richardson  number  adjustment  of  the  Yoshida  jet. 

International  TOGA  Scientific  Conference,  Honolulu,  July  1990. 

IC  Muller,  P.:  Diapycnal  mixing  in  the  ocean:  a 

review.  AGD/ASIO  Ocean  Sciences  Meeting,  New  Orleans, 
February  1990. 
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0  Books  or  chapters  published,  refereed  publication 
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1  Graduate  students  supported 
1  Post-docs  supported 
0  Other  professional  personnel  supported 
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Dynamics  of  snall-sccile  oceanic  motions 
Research  Goals: 

Description  and  modeling  of  the  kinematical  structure  and  dynamical 
processes  of  oceanic  motions  that  have  horizontal  scedes  fran  a  few 
mebirs  to  a  few  )dlcroeters.  Understanding  the  role  that  these 
small-scale  motions  play  in  the  redistribution  and  mixing  of 
mcmentum,  potential  vorticity,  heat,  and  salt. 

Ctojectives: 

Arriving  at  a  complete  kinematical  description  of  small-scale 
motions  in  terms  of  gravity  and  vortical  (i.e.,  potential 
vorticity  carrying)  motions.  Developing  and  ajplying  consistent^ 
relations  for  the  vorticed  mode.  Developing  and  applying  methods  to 
separate  gravity  and  vortical  motiOTis. 

Tpproach: 

Oheoreticcd  and  data  analyses. 

Tasks  Ocnpleted: 

Derivation  of  the  algebraic  formulae  that  underlie  a  normal  mode 
decomposition  into  gravity  and  vortical  modes.  Normal  mode 
decomposition  of  the  IWEX  data  set  (HUller,  et  al. ,  1978) . 
Development  of  consistency  relations  for  vortical  motions  and 
ajplication  to  a  few  misoellaneous  data  sets. 

Scientific  Results: 

Small-scale  motions  can  be  viewed  as  a  superposition  of  gravity 
and  vorticcd  motions.  Vortical  motions  carry  the  potential 
vorticity  of  the  flow  and  are  "stagnant."  Gravity  motions  do  not 
carry  potential  vorticity  and  "propagate."  A  separation  can  be 
obtained  by  a  normal  mode  de  xmposition  based  on  the  eigenvectors 
of  the  linearized  problem.  Normal  mode  decomposition  of  the  IWEX 
data  set  is  complicated  ty  alicisir^  and  Dealer  shifting  but 
indicates  that  current  finestructure  is  vortical  motion. 
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Aoxnplishmmts : 

Noritial  node  deconpogiticai  of  the  IWEX  data  set  into  gravity  and 
vortical  inodes.  Development  of  new  ccaisistency  relations  for 
gravity  and  vortical  motions. 


RETIEENCES; 
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PI  KUnze,  E.  and  P.  Muller:  Internal  wave-driven  Ekman  flows  in 

the  ocean  interior. 

PI  lien,  R.  C.  and  P.  Muller:  Oonsistency  relations  for  gravity 

and  vortical  motions:  theory  and  application. 

PI  lien,  R.  C.  and  P.  Muller:  Normal  mode  decomposition  of  small- 

scale  motions  in  the  ocean. 

R  Kunze,  E.  and  P.  Muller,  1989:  The  effect  of  internal  waves 

on  geostmpphic  sheeir.  In:  "Pcurameterization  of  small-scale 
processes.  Proceedings,  'Aha  Kullko'a  Hawaiian  Winter 
Workshop,  Hawaii  Institute  of  Ge<^ysics,  special 
Publication,"  271-S85. 

C  Chu,  P.  C. ,  R.  W.  Garwood,  Jr.,  and  P.  Muller:  thermodynamic 

feedback^  between  clouds  and  the  oceanic  surface  mixed  layer, 
Intemationail  liege  Colloquim  on  CJcean  Hydrodynamics,  Liege, 

May  1989. 

C  Lien,  R.  C.  and  P.  Muller:  Consistency  test  of  one-dimensional 

measurements;  Gravity  or  vortical  motion?  AGO  Fall  Meeting  and 
ASIO  Winter  Meetirg,  San  Francisco,  December  1988. 

IC  Muller,  P. ;  Separation  of  vortical  and  gravity  motion,  Americaiu 

Meteorological  Society  Conference  on  Waves  and  Stability  in 
the  Ocean  and  Atmosph^,  San  Francisco,  i^ril  1989. 
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Principal  Investigator  -  Peter  Muller 

Title  of  Research  Project  —  Dynamics  of  small-scale  oceanic  motions 
Abstract 


RESEARCH  GOALS:  Understanding  (i)  of  the  fundamental  processes  that 
govern  the  dynamics  of  small-scale  oceanic  motions,  with  emphasis 
on  internal  gravity  waves,  vortical  motion,  turbulence  and  mixing, 
and  (ii)  of  the  effect  of  these  motions  on  larger-scale  flows. 

OBJECTIVE:  Complete  and  consistent  kinematical  description  of  small- 
scale  motions,  view.ed  as  a  superposition  of  gravity  and  vortical 
motions.  Estimate  'of  Ertel's  potential  vorticity  a.id  linear  per¬ 
turbation  potential  vorticity.  Development  and  application  of 
consistency  relations  that  test  kinematical  hypotheses. 

APPROACH:  Theoretical  investigations  and  analysis  of  existing  data 
sets. 

TASKS  COMPLETED:  Estimate  of  linear  perturbation  potential  vorticity 
from  the  Internal  Wave  Experiment  (IWBX)  data  set.  Derivation  of 
consistency  relation  for  the  vortical  mode. 

SCIENTIFIC  RESULTS:  Small-scale  motions  can  be  decomposed  into  a 
gravity  and  a  vortical  mode.  The  vortical  mode  carries  the 
potential  vorticity  of  the  flow. 

The  amplitude  and  space  and  time  scales  of  (liner.;  pertur¬ 
bation)  potential  vorticity  at  small  scales  are  estimated  from 
the  IWEX  data  set  (Muller  et  al.,  1978).  The  IWEX  array  resolves 
horizontal  and  vertical  scales  from  a  few  meters  to  about  one 
kilometer.  The  (linear  perturbation)  potential  vorticity  has  a 
variance  of  about  l.OB-6  l/s*s,  implying  a  Rossby  number  and 
vertical  strain  of  order  10.  The  associated  total  energy  is 
2.0E-4  ra*m/s*s  and  the  associated  inverse  Richardson  number  is 
0.7.  The  horizontal  wavenumber  spectrum  has  a  +2/3  power  law. 

The  vortical  mode  might  hence  be  the  major  contributor  to  the 
observed  shear  in  the  ocean. 
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Consistency  relations  were  derived  for  vortical  motions 
(i.e.,  linear  relations  ambn^  one-dimensional  cross-spectra  of 
horizontal  velocity  and  vertical  displacement).  Contrary  to 
internal  gravity  wave  consistency  relations  (Fofonoff,  1969), 
which  only  exist  in  frequency  space,  vortical  mode  consistency 
relations  also  exist  in  horizontal  and  vertical  wavenumber  space. 
These  consistency  relations  provide  a  powerful  tool  for  the 
analysis  of  low  resolution  data  sets. 

ACCOMPLISHMENTS:  Estimate  of  (i)  (linear  perturbation)  potential 
vorticity  at  small  scales,  and  (ii)  contribution  of  the  vortical 
(i.e.,  potential  vorticity  carrying)  mode  to  the  energy  and  shear 
of  small-scale  motions. 

REFERENCES:  Fofonoff,  N.  P.,  1969.  Spectral  characteristics  of 

internal  waves  in  the  ocean.  Deep  Sea  Res.,  16*,  Suppl.,  59-71. 

Muller,  P.,  et  al.,  1978.  The  IWEX  spectrum.  J.  Geophys. 
Res.,  83*.  479-500. 
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87-R  Muller,  P.  and  D.  Henderson,  Editors,  Dynamics  of  the 
oceanic  surface  mixed  layer.  Proceedings,  'Aha  lluliko'a 
Hawaiian  Winter  Workshop,  Hawaii  Institute  of  Geophysics, 
Special  Publication  (1987)  310  pp. 


Patents  filed  or  granted 

Number  of  undergraduate  students  supported  (at  least  part  time)  -  0 

Number  of  graduate  students  supported  (at  least  part  time)  -  1 

Number  of  post-docs  supported  (at  least  part  time)  -  0 

Number  of  other  professional  personnel  supported  (at  least  part  time)  -  I 


-4- 


December  21,  1988 


Awards,  'Honors  and  Prizes  (please  list) 


Names'  of  Graduate  Students  (GS^  and  Post-Docs  (PD)  _ 

Ren-Chieh  Lien  , 

«« 


-5- 


i 


1 


Contract:  ^  N00014r87-K-bl8i 
Seisinolo^  &  Acoustics 


Seismic  Anisotropy 


Gerard  Fryer 


! 


University  of  Hawaii  at  Manoa 

Htwaii  institute  of  Geophysics 
2525  Correa  Road  •  Honolulu,  Hawaii  96822 
Cable  Address;  UNIHAW 
April  4, 1990 

Dr.  Randall  S.  Jacobson 

Office  of  Naval  Research,  Code  1125GG 

800  N.  Quincy  Sr. 

Arlington  VA  22217-5000 

Dear  Dr.  Jacobson, 

Enclosed  is  the  Final  Technical  Report  for  ONR  Grant  N00014-89-J-1483,  Seismic 
Anisotropy  and  Large-Scale  Anisotropy  in  the  Ocean  Floor, 

Thank  you  for  your  support  of  this  work. 
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Gerard  J.  Fryer 
Principal  Investigator 


Dist.:  Administrative  Grants  Officer 

ONR  Resident  Representative  N47092 
Administrative  Contracting  Officer 
California  Inst,  of  Technology 
565  South  Wilson  Ave. 

Pasadena,  CA  91106-3212 

Director,  Naval  Research  Laboratory 
Attn;  Code  2627 
Washington,  DC  20375 

Defense  Technical  Information  Center 
Building  5,  Cameron  Station 
Alexandria,  VA  22314 

cc:  Paul  K.  Kakugawa 

Assistant  Director 
Office  of  Research  Administration 
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Seismic  Anisotropy  and  Large-Scale- Porosity,  in  the  Ocean  Floor 
■  ■  .  Npbqi4-8Sj-1483 

1  jMuary  1989  -  31  December  1989 

Gerard  J.  Fryer,  P.I, 

Hawaii  Institute  of  Geophysics 
University  of  Hawaii  at  Manoa 
2525  Correa  Road 
Honolulu,  HI  96822 


Rationale  for  the  Study 

Fracturing,  flow  layering,  brecciation,  and  vesiculation  in  the  lavas  forming  the 
uppermost  igneous  crust  result  in  high  porosity  and  induce  an  elastic  anisotropy. 
Anisotropy  resulting  from  horizontal  fracturing  or  interbedded  horizontal  lava  flows 
displays  no  azimuthal  dependence,  making  it  hidden  to  traditional  seismology  and 
inviting  misinterpretation  of  seismic  data.  Porosity  too  seems  poorly  constrained  by 
seismic  data,  largely  because  of  inadequaciej  in  existing  theoretical  velocity-porosity 
relationships.  Fracture-induced  anisotropy  and  large-scale  porosity,  however,  must 
be  strongly  affected  by  ocean-floor  processes  such  as  hydrothermal  deposition  and 
crustal  ageing.  This  project  was  one  in  a  continuing  series  of  ONR-funded  projects 
to  assess  the  seismic  effects  of  this  anisotropy  and  porosity,  to  see  if  these  properties 
can  be  deduced  from  field  seismic  measurements,  and  to  explore  how  they  might  be 
used  to  investigate  bottom  processes. 

Project  Objectives 

This  project  had  two  specific  goals.  Under  previous  ONR  support  (Contract 
N00014-87-K-018I)  we  had  claimed  that  measurement  of  anisotropy  can  be  accom¬ 
plished  seismically  if  both  source  and  receiver  are  on  the  bottom,  provided  that  both 
SH  and  SV  information 's  obtained.  We  wished  to  verify  this  claim  using  data 
from  a  high-resolution  shallow  water  experiment  run  by  Rondout  Associates  and 
Woods  Hole  Oceanographic  Institute  using  on-bottom  sources  and  three-component 
receivers  (only  if  wo  could  demonstrate  our  abilities  on  shallow-water  sediments 
could  measurement  on  deep-water  crust  be  contemplated).  During  1988  we  had 
managed  to  model  the  horizontal  geophone  data  from  one  line  by  invoking  trans¬ 
verse  isotropy  in  the  bottom,  but  without  also  explaining  the  vettical  data  our  claim 
for  anisotropy  was  unconvincing.  We  wished  to  refine  our  models  so  that  all  seismic 
energy  was  eidequately  explained. 

The  second  objective  was  to  refine  our  understanding  of  velocity-porosity  re¬ 
lationships  in  volcanic  ocean  floor.  In  1988  we  presented  an  explanation  of  how 
hydrothermal  sealing  of  cracks  and  fractures  can  explain  the  rapid  increase  in  seis¬ 
mic  velocities  with  age  in  young  igneous  crust  by  modifying  the  mean  void  aspect 
ratio,  but  that  explanation  was  purely  qualitative.  We  wished  to  tighten  the  the¬ 
ory,  predict  some  hard  numbers  from  it,  and  see  if  our  explanation  could  withstand 
comparison  with  ocean  drilling  results. 
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Accompltshments 

Our  analysis  of  the  Rondout/WHOI  shallow  water  data  is  now  complete. 
Through  iterative  match  of  synthetic  seismograms  to  data  we  have  been  able  to 
match  all  three  components  on  two  crossing  lines  using  the  same  transversely  isotropic 
structure,  demonstrating  that  ocean  bottom  anisotropy  can  be  measured  without 
resorting  to  downhole  seismometers.  The  anisotropy  demanded  by  the  data  is  large 
(P-wave  speed  variation  of  12%),  but  is  entirely  consistent  with  the  bottom  beiig 
made  up  of  interbedded  sand  and  silty  clays.  A  paper  describing  this  work  has  been 
submitted  to  Geophytical  Journal  International,  where  it  is  currently  in  review.  A 
preprint  of  this  paper  is  included  as  the  Appendix  to  this  report. 

Our  theory  of  crustal  ageing  is  advancing  and  is  necessarily  expanding  into 
an  assessment  of  depth-dependent  variation  as  well.  Our  basic  idea  is  this:  in 
volcanic  crust,  which  has  void  space  varying  from  thin  fractures  to  the  much  more 
>  quidimensional  interstices  between  pillows,  hydrothermal  mineralization  seals  the 
thin  voids  first  so  that  the  mean  aspect  ratio  increases  with  time  (i.e.,  void  space 
becomes  more  circular).  Porosity  resulting  from  narrow  voids  has  a  very  strong 
effect  on  velocity  (Figure  1).  When  there  is  a  distribution  of  aspect  ratios,  sealing 
the  narrowest  voids  will  reduce  porosity  only  slightly  but  will  dramatically  increase 
the  velocity.  Such  change  of  mean  aspect  ratio,  both  with  depth  and  with  age,  is 
strongly  supported  by  sonic  and  neutron  porosity  logs  from  the  drilling  program.  At 
site  504B  (6Ma),  we  find  that  the  velocity  varies  less  and  less  rapidly  with  porosity 
as  depth  increases  (Figure  2),  suggesting  a  downhole  increase  in  the  mean  aspect 
ratio.  At  the  much  older  Site  418A  (llOMa),  within  the  400m  of  basement  logged, 
all  depths  display  the  same  velocity-porosity  relationship  as  is  found  at  about  400  m 
into  basement  at  504B  (although  porosities  themselves  still  systematically  decrease 
downhole).  If  the  crust  at  418A  ever  evolved  through  a  504B-like  stage,  then  there 
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Figure  2:  Velocity-Porosity  distributions  st  Hole  504B  from  downhole  logs.  The 
decrease  in  slope  downhole  indicates  an  increase  in  the  mean  aspect  ratio  (see  Figure 
1).  Basement  begins  st  300m  below  seaRoor  (mbsf). 
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must  have  been  subsequent  crack  fiUing  and  reduction  in  the  mean  aspect  ratio 
within  the  upper  fewhundred  meters,  precisMy  what  we  would  have  predicted  if 
alteration,  products  seal  narrow  voids  first.  A  paper  describing  this  work  will  be 
submitted  in  summer  1990. 

Through  appeal  to  rock  physics,  seismic  wave  propagation,  downhole  logging, 
and  hydrothermal  geochemistry,-  we  are  now  expanding  the  porosity  study  into  a 
multidisciplinary  investigation  (funded  by  ONR)  of  how  geological  processes  affect 
seismic  structure  of  the  shallow  crust. 
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on  Marine  Sediments  &  Sedimentary  Rocks 


Measurements  on  Synthetic  Materiais 

Our  efforts  during  the  current  contract  period  (March  1987  •  February  1988) 
have  focused  on  (a)  improving  the  repeatability  and  precision  of  our  !ow*frequency 
measurements,  particularly  at  very  low  frequencies  (<  0.1  Hz),  on  welbcharacterized 
samples,  (b)  establishing  the  useful  frequency  range  of  our  apparatus,  and  (c)  begin 
measurements  on  well  characterized  sedimentary  rocks. 

Figure  2  shows  our  measurements  of  the  Young’s  modulus  and  Q"*  of  a 
sample  of  Lucite,  a  synthetic  polymer.  Also  shown  on  this  plot  are  the  Lucite  data 
of  Spencer  (1981)  and  the  straight  line  6t  of  Lagakos  et  al.  (1986)  to  their  data  for 
Lucite  in  the  frequency  range  200  Hz  -  iMHz.  Between  1  Hz  and  100  Hz  our  data 
is  in  good  agreement  with  the  extrapolated  line  of  Lagakos  et  al.  (1986)  and  also 
with  the  modulus  data  of  Spencer  (1981).  Apparently,  a  resonant  peak  exists  in  our 
data  at  a  frequency  of  about  300  Hz,  which  distorts  our  results  above  about  100  Hz. 
We  have  observed  this  distortion  in  all  our  data  to  date  and  consequently  now  only 
collect  data  up  to  100  Hz.  However,  note  that  we  have  extended  our  frequency  range 
down  to  0.01  Hz  which  gives  us  a  span  of  four  decades.  While  we  are  encouraged 
by  our  results  to  date,  we  feel  that  the  long-term  repeatability  sbc'ild  continue  to 
receive  attention  and  support. 

Again,  turning  to  Figure  2,  note  the  welLdefined  relaxation  peak  at  about 
0.1  Hz  Spencer  (1981)  fitted  his  Lucite  data  with  a  relaxation  peak  at  5  Hz,  which 
was  the  lowest  frequency  that  he  measured.  Our  data  clearly  demonstrate  the  large 
error  in  estimating  the  center  of  a  peak  from  data  which  only  spans  one  side  of  it. 

Figure  3  shows  Young’s  Modulus  and  Q”*  for  a  welLcharacterized  synthetic 
sample  of  recemented  glass  beads,  supplied  to  us  by  Schlumberger.  Note  the  weU 
defined  linear  variation  of  modulus  with  log  frequency.  The  offset  at  0.1  Hz  is  a  point 
where  data  collection  was  stopped  and  restarted  several  hours  later  We  interpret 
this  offset  as  being  due  to  temperature  variation  as  the  offset  did  not  appear  in  a 
continuous  run  from  0.0  /  to  0.5  Hz  Temperature  variations  are  undoubtedly  also 
causing  noise,  particularly  in  the  phase  (Q”*)  measurements  at  very  low  (<1  Hz) 
frequencies  For  this  material,  Q~^  is  almost  independent  of  frequency  i.e  it  is 
very  close  to  being  linearly  viscoelastic  For  small  (<0  i)  values  of  Q~^  which  are 
frequency  independent,  linear  viscoelastic  theory  (e  g  Kolsky,  1964)  predicts  the 


BEREA  SANDSTONE  (room-dry) 


Figure  4.  Measurements  on  Berea  Sandstone  in  the  room-dry  condition.  Note  the  well 
defined  peak  in  Q"'  at  0.06  Hz. 


modulus 
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relationship 

B  =  i^jl  +  B21iog,I) 

X  /o 

where  B  is  the  magnitude  of  the  complex  Young’s  Modulus,  is  its  attenuation,  f 
is  the  frequency  and  So  is  the  value  oiT  K  at  a  reference  frequency,  /o.  This  equation 
can  be  rearranged  to  give 

£?  =  £b  +  1.466£bQ"Uogio^ 

/o 

Using  this  relationship,  we  obtain  a  predicted  value  of  0.057  for  Q"'  from  t>-e  slope 
of  S  versus  logiof  in  Figure  3,  which  is  in  fairly  good  agreement  with  the  measured 
values  of  <5“*  of  about  0.07. 

3.  Measurements  ou  Sandstone 

Figures  4  and  S  show  the  modulus  and  Q~^  data  we  obtained  for  a  4.95  cm  diameter 
sample  of  Berea  Sandstone  in  the  room-dry  and  vacuum-dried  states,  respectively. 
Note  the  large  change  in  modulus,  which  increases  from  8  to  17  GPa.  Also  note  the 
large  peak  in  the  attenuation  at  0.06  Hz  u  hich  decreases  in  amplitude  for  the  dried 
sample.  We  are  presently  working  on  modelling  this  peak  with  a  Cole-Cole  distri¬ 
bution  of  relaxation  times,  similar  to  theory  described  by  Spencer  (1981).  Note  also 
tb)  linear  variation  of  modulus  with  log  of  frequency.  The  slope  of  this  variation  is 
again  consistent  with  the  values  of  Q~‘  of  about  O.Cf,  above  1  Hz. 

4.  Measurements  on  Other  Sedlmentaray  Rocks 

We  are  presently  making  sinular  modulus  and  attenuation  measurements  on  other 
types  of  sedimentary  rocks  such  as  claystone,  siltstone  and  limestone,  We  also  plan 
to  analyze  the  porosity  and  fabric  of  all  the  rocks  so  far  investigated. 


D.  PROPOSED  RESEARCH  AND  PLAN 


We  propose  to  continue  measuring  attenuation  and  Young's  modulus  m  con¬ 
solidated  sediments  in  the  frequency  range  0  01  -  100  Hz.  The  emphasis  will  be  on 
collecting  as  much  data  as  possible  on  a  wide  variety  of  sediments  including  shales, 
mudstones  and  limestones  Measurements  will  be  made  on  these  ic  both  the  vacuum- 
dry  and  water-saturated  conditions.  We  will  also  perform  the  neasurements  in  a 
temperature  controlled  enclosure  to  reduce  the  noise  at  low  frequencies  as  well  as 
improving  the  overall  repeatability  of  the  results.  In  addition,  with  the  addition  of 
a  temperature-controlled  enclosure,  we  will  be  able  to  make  the  measurements  at 
multiple  temperatures  (approximately  in  the  range  of  0-30°C)  The  data  of  Lagakos 
et  al.  (1986)  show  clearly  ihat  modulus  values,  at  least  for  polymers,  are  strongly 
temperature-dependent.  Estimation  of  the  temperature  coefficients  of  the  moduli 
13  therefore  of  of  great  importance  m  extrapolating  laboratory  data  to  the  marine 
environment 
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Low  Frequency  Attenuation  and  Modulus  Measurements  on  Marine  Sediments 
and  Sedimentary  Rocks 


STATEMENT  OF  THE  PROBLEM 


Geoacoustic  models  of  the  seafloor  are  of  fundamental  importance  in  underwater 
acoustics,  and  in  various  types  of  rnanhe  geological  and  geophysical  studies  of  the 
ocean  floor  and  the  underlying  crust.  Hamilton  (1980)  defines  a  geoacoustic  model  as 
‘'a  model  of  the  real  seafloor  with  emphasis  on  measured,  extrapolated,  and  predicted 
values  of  these  properties  important  m  underwater  acoustics  and  those  aspects  of 
geophysics  involving  sound  transmission.”  The  ability  to  make  accurate  predictions 
of  low-frequency  sound  propagation  in  the  ocean  basins,  however,  depends  on  having 
an  adequate  knowledge  of  the  low-frequency  elastic  properties  of  the  environment 
(Stoll,  1980, 1985,  Dunn,  1986  among  others). 

Dispersion  of  velocity  and  attenuation  in  sedimentary  rocks  is  a  pervasive,  yet 
poorly  understood  aspect  of  seismic  exploration.  As  stated  in  last  year’s  proposal, 
our  goals  are  to  study  the  dispersion  in  velocity  and  attenuation  by  carrying  out 
experimeitts  in  three  non-overlapping  frequency  bands  (seismic:  l-lOO  Hz;  resonance 
sonic:  1-10  kHz;  ultrasonic;  0.5-2  MHz).  To  further  these  goals,  we  are  currently 
conducting  such  experiments  on  sandstones  having  different  porosities  and  pore 
fabrics.  We  plan  to  emphasize  this  aspect  of  our  work  in  the  remaining  contract 
period  and  during  the  next  year. 

PROGRESS  (1  January  -  31  December  1988) 

t- 

1.  Equipment  and  Software  Development 

A  problem  which  occurred  several  times  with  the  mechanical  part  of  the 
equipment  was  that  operators  would  tighten  down  the  fixed  end  of  the  sample  with¬ 
out  lowering  the  displacement  probe,  causing  damage  to  the  probe.  We  have  now 
added  an  audible  alarm  circuit  which  triggers  when  the  displacement  becomes  less 
than  about  ICX)  microns. 

A  dial  gage  is  now  kept  clamped  to  the  equipment  to  measure  the  absolute 
position  of  the  displacement  probe,  as  well  as  providing  a  means  of  recalibrating  it. 
It  was  found  that  the  amount  of  prestress  exerted  on  the  sample  assembly  by  the 
shaker,  which  can  be  increased  by  lowering  the  sample  assembly  onto  tiie  shaker,  had 
a  significant  effect  on  the  modulus  and  phase  values.  Although  Spencer  (1981)  did 
not  give  the  amount  of  prestress  that  be  used,  it  is  possible  that  the  larger  shaker  in 
his  system  was  capable  of  more  prestress  than  ours,  which  is  only  capable  of  several 
Newtons.  We  are  now  able  to  at  least  keep  this  prestress  reasonably  constant  by 
always  positioning  the  bottom  end  piece  in  the  same  position  relative  to  the  shaker. 
A  more  satisfactory  solution  will  be  to  add  a  pressure  plate  capable  of  applying  a 
variable  prestress  to  the  sample  assembly,  similar  to  that  used  by  Liu  and  Peselnick 
(1983).  The  optimum  prestress  could  then  be  determined  empirically  by  increasing 
It  until  the  modulus  values  stabilize.  We  arc  presently  working  on  this  problem  and 
hope  to  install  such  a  pressure  plate  in  the  next  few  months. 

Another  problem  occurred  at  very  low  frequencies  with  the  shaker  coil  over- 


We  shall  attempt  to  establish  straight  line  fiU  to  the  modulus  data  where  appropri¬ 
ate,  and  where  possible,  see  if  these  fits  are  consistent  with  higher  frequency  data 
obtained  using  resonant  and  ultrasonic  techniques.  Where  relaxation  peaks  occur, 
we  will  attempt  to  model  them  using  a  Cole-Cole  distribution  of  relaxation  times 
(Spencer,  1981). 

We  will  use  Dunn's  (1987)  technique  of  sealing  the  edges  of  the  sample  with 
an  aluminum  sleeve  before  saturation  to  reduce  the  "open-pore”  effect.  Altnough 
this  technique  does  not  completely  eliminate  the  "open-pore”  effect,  it  should  reduce 
it  to  a  negligible  amount  below  30  Hz  (Figure  1).  One  useful  side  benefit  of  sealing 
the  samples  may  be  a  method  of  measuring  unconsolidated  sediments.  The  main 
problem  is  friction  between  the  lower  sample  end-piece  and  the  sealing  sleeve.  If  this 
friction  can  be  accurately  estimated,  or  shown  to  be  negligible,  we  should  be  able 
to  measure  completely  unconsolidated  material.  A  useful  calibration  experiment 
will  be  to  measure  a  sealed  cylinder  containing  water  alone,  since  the  attenuation 
of  water  is  known  to  be  almost  negligible,  and  its  modulus  is  also  well-determined. 
Any  friction  between  the  sealing  cylinder  and  the^  end  pieces  should  therefore  be 
readily  observable  for  water. 

The  result  of  our  work  will  be  the  ability  to  quantitatively  predict  the  vari¬ 
ation  of  modulus  and  attenuation  over  at  least  four  decades  of  frequency  for  a  wide 
variety  of  consolidated,  and  possibly  unconsolidated  sediments. 

F.  EXPERIMENTAL  METHODS 

The  instrumentation  to  be  used  for  the  proposed  measurements  is  shown  m 
Figure  6.  The  apparatus  can  measure  the  complex  Young’s  modulus  of  rock  samples 
at  selectable  frequencies  between  O.Ol  to  100  Hz  and  at  strain  amplitudes  near  10“®. 
A  sinusoidally  varying  strain  is  applied  to  the  sample  using  an  electromechanical 
shaker  (Gearmg  and  Watson  20-B)  which  is  driven  by  a  100  W  d.c.-coupled  power 
amplifier  attached  to  an  HP'3325A  frequency  synthesiser.  Cylindrical  samples  of 
consolidated  sediments  3,8  to  5  cm  in  diameter,  and  up  to  15  cm  in  length  with  steel 
end  pieces  similar  to  those  used  by  Spencer,  are  used  for  the  measurements.  The 
strain  is  measured  using  a  capacitative  displacement  transducer  (Ade  2101/2001 
K)  and  the  force  by  an  in-line  piezoelectric  force  transducer  (PCB  208A)  Both 
transducer  outputs  are  digitized  using  a  Nicolet  4094  digital  oscilloscope  having  12 
bit  resolution  and  sampling  rates  of  between  200  and  10-6  seconds.  A  Hewlett- 
Packard  9020  computer  controls  the  synthesizer  and  digital  oscilloscope  enabling 
rapid  calculation  of  Young’s  modulus  and  attenuation  to  be  made  and  plotted  at  any 
frequency  between  0.01  and  100  Hz.  A  flowchart  of  the  data-proccessing  algorithm, 
written  m  HP  BASIC,  is  shown  m  Figure  7 

For  interpreting  the  low-frequency  attenuation  and  modulus  data  we  will  also 
use  our  AccuSorb  2100E  Gas  Adsorption  Analyzer.  This  instrument  will  be  used  to 
measure  adsorption  and  desorption  isotherms  for  calculating  surface  area  and  pore 
volume  distribution  m  a  sample  The  AccuSorb  can  determine  surface  areas  above 
0  001  m  /g  and  pore  size  distribution  from  0  06  m  diameter  to  the  upper  limit  of 

the  physical  absorption  technique. 


Low  Frequency  Modulus  Measurements  on  Marine  Sediments  &  Sedimentary  Rocks 
M.  Manghnani  B.  Uienert 


B.  PROGRESS  (January  1  -  September  1,  1989) 

This  year,  we  have  concentrated  our  efforts  on  measuring  for  a  suite  of 
unconsolidated  marine  sediments.  We  have  also  devoted  considerable  effort  toward 
developing  techniques  for  removing  bubbles  of  gas  from  the  samples.  These  bubbles, 
which  we  now  conclude  are  present  in  virtually  all  fluids  at  atmospheric  pressure, 
were  removed  fiurly  easily  when  the  cylinder  contsuned  water  alone,  simply  by  bleed¬ 
ing  the  cylinder  after  standing  it  upright  for  several  days.  Figure  1  shows  typical 
data  collected  for  pure  water  after  such  bleeding.  Repeated  measurements  have  in¬ 
dicated  that  the  value  of  is  constant  over  the  frequency  range  0.1-100  Hz  and 
has  a  value  of  0.01  ±  0.002.  Note  also  that  it  can  be  reliably  estimated  from  the 
slope  of  K  versus  log  /  using  constant-Q  theory  (Lienert  and  Manghnani,  1989)  as 
shown  in  Figure  1  by  the  dashed  line.  All  of  the  subsequent  data  for  Q'if  that  we 
shall  describe  here  will  therefore  have  this  value  of  0.01  subtracted. 

Bleeding  the  cylinder  proved  unsatisfactory  when  a  sample  of  sediment  was 
measured,  as  indicated  by  the  results  in  Figure  2,  which  ate  for  a  piston-core  sample 
of  pelagic  ooze  collected  100  km  north  of  Hawaii  (water  depth  =  2  km).  In  spite  of 
repeated  bleeding,  the  modulus  values  for  this  sample  remained  less  than  2.2  GPa, 
the  bulk  modulus  of  pure  water.  Although  no  published  values  of  K  exist  for  rocks, 
it  is  possible  to  estimate  KjG  from  VpjVs  ratios  using  the  equation 


obtained  from  the  ratio  of  equations  (I)  and  (2).  Since  Fp/Fs  for  consolidated  rocks 
range  from  1.6-1.8,  equation  (5)  implies  that  g  ranges  from  0.3-0.5,  i.e.,  one  third 
to  one  half  the  shear  modulus.  Published  values  for  shear  moujlus  for  consolidated 
rocks  range  from  20-30  GPa  (Jackson  et  rJ.,  1987),  implying  that  K  is  about  7-15 
GPa,  more  than  three  times  the  bulk  modulus  of  water.  The  introduction  of  solid 
material  into  water  would  therefore  increase,  rather  than  decrease  A',  since  the  two 
compressions  act  in  parallel.  We  concluded  that  bubbles  of  air,  or  some  other  gas, 
was  reducing  K  below  2.2. 

We  first  tested  the  possibility  of  pressurizing  the  contents  of  the  cylinder  to 
10-20  atmospheres.  Such  an  approach  was  appealing,  as  it  was  also  an  essential  first 
step  in  fulfilling  one  of  our  future  objectives,  namely  to  measure  under  higher 
pressures.  In  order  to  pressurize  the  cylinder,  it  was  necessary  to  install  a  stronger 
seal  between  the  piston  and  cylinder  walls,  as  the  present  seal,  a  layer  of  silicone 
rubber  sealant  0.1  mm  thick,  is  incapable  of  withstanding  pressures  much  greater 
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Figure  3;  Measurements  for  the  same  sample  as  Figure  2,  but  after  eight  hours  of 
evacuation  to  remove  bubbles.  The  dashed  line  fit  through  the  values 
is  obtained  from  a  least  squares  linear  fit  to  the  K  values  using  constant-Q 
theory  and  has  the  background  result  of  0.01  for  water  subtracted. 
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thas  one  atmospKere.  We  first  machined  a  larger  piston  having  a  smaller  clearance 
(0.03  ymras  0.1  ihm)  with  the  cylinder  wills. 

We  injured- the  effective  modulus  of  this  0.03  mm  seal  with  the  cylinder 
*  empty  and  found  it  to  be  about  a  factor  of  ten  larger  than  that  of  the  0.1  mm  seal, 

,i.e.  about  1  GFa;  or  onerhalf-the  modulus  of  water.  When  the  cylinder  was  filled 
with  water  and  measured, -.the  value  of  Q"*  increased  from  0.01  to  about  0.05.  We 
interpret  this  result  as -follows:  In  a  mechanical  vi^ation  involving  two'separate 
materials,  rubber  and  water  say,  having  enerpes  .Webber  and  lVw»ter  and  fractional 
I  energy  losses  per  cycle  Q^^bbcr  and’(3;i,„,  fke  total  energy  loss  per  cycle  is  given  ‘ 

by 

(W^nib^r  d*  Ww*ter)Q  ^  “  Wjub^rQnibbtr  ^wAter^wflter  1®J 

where  Q“*  is  the  effective  (i.e.  measured)  intern^  friction. 

j  It  is  clear  from  equation  [6]  that  the  measured  depends  not  only  upon 

Qnibbtri  Strength  of  the  rubber  relative  to  the  strength  of  the  material 

being  measured.  For  example,  with  the  0.1  mm  seal,  the  strength  (and  therefore 
the  energy)  in  the  rubber  is  a  factor  of  twenty  lower  than  the  strength  of  the  water. 
Since  our  measured  value  of  Q^\iutT  **  about  0.1,  equation  (6)  then  predicts  that  the 
contribution  of  the  rubber  to  the  measured  Q"'  will  be  0.1  x  0.05  =  0.005,  slightly 
less  than  our  measured  value  of  0.01.  Similarly,  equation  [6]  predicts  that  when  the 
strength  of  the  rubber  seal  is  one  half  the  strength  of  the  water,  the  contribution 
of  the  rubber  to  the  measured  Q~^  will  then  be  0.05,  in  good  agreement  with  our 
measured  value.  This  result  also  implies  that  the  value  of  Q~^  that  we  measure  for 
water  is  entirely  due  to  the  rubber  seal,  i.e.,  is  zero  at  seismic  frequencies 
r  within  our  limits  of  error. 

We  then  tried  machining  two  semicircular  grooves  in  a  piston  having  a  0.03 
mm  clearance  and  fitted  these  with  two  0-rings.  We  found  that  the  effective  modulus 
of  this  ttrrangement  was  even  higher  -  about  2  GPa.  Because  Q"'  for  rubber  varies 
with  frequency  and  may  also  may  change  with  time,  it  is  better  to  minimize  its 
J  contribution.  We  are  therefore  still  using  the  0.1  mm  silicone  rubber  seal.  However, 

we  are  experimenting  with  the  0-ring  piston  and  hope  to  reduce  its  effective  modulus 
to  a  lower  value  by  increasing  its  clearance  with  the  cylinder  walls.  There  is  clearly 
a  trade-off  between  the  maximum  pressure  that  the  0-rings  will  withstand  and  their 
effective  modulus. 

^  To  remove  the  bubbles,  we  instead  placed  the  entire  cylinder  in  a  vacuum 

chamber  with  the  bleed  valve  open,  and  held  the  pressure  at  close  to  the  vapor 
pressure  of  water.  This  technique  proved  very  effective  as  indicated  by  Figure  3, 
which  shows  the  results  for  the  same  pelagic  ooze  as  Figure  2  after  eight  hours  of 
this  treatment.  The  modulus  values  have  now  increased  to  above  2.2,  while  the 
^  values  of  Q"'  are  close  to  0.01,  the  value  for  pure  water.  This  is  an  extremely 

important  result,  as  it  indicates  for  the  first  time  that  compressional  energy  losses 
in  unconsolidated  materials  such  as  this  ooze  are  essentially  negligible. 

In  the  process  of  measuring  this  sample  we  have  also  discovered  a  time  de¬ 
pendence  of  the  results  for  both  K  and  Q~'  which  is  shown  in  Figures  4  and  5. 
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respectively.  We  previously  observed  a  time  dependence  for  water  in  the  form  of  an 
initial  increase  in  K  and  decrease  in  Q](,  which  we  attributed  to  stress-hardening 
of  the  silicone  rubber  seal.  Since  the  values  stabilized  after  about  an  hour,  this 
caused  little  concern.  However,  the  pelagic  ooze,  as  well  as  showing  the  same  initial 
increase  in  K,  then  showed  a  decrease  (Figure  4).  Figure  5  shows  the  corresponding 
time  dependence  of  (very  little  avera^g  was  performed  on  each  measurement, 
resulting  in  substantially  increased  noise).  The  time  dependence  of  Q](  is  consid¬ 
erably  less  than  for  1(,  suggesting  that  reliable  results  can  be  obtained  simply  by 
taking  the  measurement  about  1  hour  after  inserting  the  sample.  An  initial  increase 
in  shear  modulus  similar  to  that  which  we  observed  has  been  reported  for  soils  by 
Anderson  and  Stokoe  (1978). 

We  interpret  the  time  dependent  decrease  in  K  to  the  release  of  gas  from 
either  the  sample,  or  from  reactions  of  the  sample  with  the  aluminum  cylinder.  We 
are  presently  machining  a  similar  cylinder  from  stainless  steel  in  order  to  minimize 
such  reactions.  If  the  gas  release  is  still  evident  with  this  new  cylinder,  it  is  clearly 
coming  from  the  sediment  itself.  This  is  clearly  a  subject  for  additional  study,  as 
such  a  gas  release  could  be  occurring  even  when  the  sediment  is  in  situ  on  the  sea 
floor  and  thus  be  affecting  its  seismic  properties. 

Figure  6  shows  results  for  a  silt  dredged  off  Keahole  Point  on  the  island  of 
Hawaii.  This  sample  was  evaicuated  before  measurement  to  remove  gas  bubbles. 
Note  that  K  is  also  now  greater  than  2.2  GPa.  However,  the  Q~'  values  are  sig¬ 
nificantly  larger  -  about  0.03  at  1  Hz  and  increasing  to  0.05  at  100  Hz.  Our  initial 
conclusion  is  that  grtun  size  and  possibly  the  quantity  of  clay  have  an  important 
effect  on  Qj}.  We  should  have  more  data  by  the  time  of  the  site  visit,  allowing  us 
to  make  more  definitive  conclusions. 

The  dramatic  dependence  of  K  upon  dissolved  gas  that  we  have  observed  has 
important  implications  for  the  measurement  of  velocity  in  water-saturated  materials 
in  general.  It  can  be  seen  from  equation  (1)  that  any  reduction  in  bulk  modulus,  K, 
such  as  we  have  observed  due  to  the  presence  of  gas,  will  show  up  as  a  reduction 
in  Vp.  The  amount  of  the  reduction  will  depend  on  the  relative  contribution  of  the 
shear  modulus,  ft,  to  Vp.  For  a  fluid,  p  =  0,  which  results  in  a  Vp  of  only  0.43  km/s 
when  K  =  0.2  GPa,  the  value  we  obtained  for  the  ooze  when  it  contained  gas. 

Measured  values  of  Vp  for  unconsolidated  water-saturated  sediments  at  ul¬ 
trasonic  frequencies  are  typically  1.4-1.6  kra/s,  implying  that  p  is  about  2  GPa, 
assuming  that  these  samples  contain  gas  bubbles,  i.e.  K  a  0.2  GPa.  Substituting 
our  gas-free  value  of  K  (2.2)  in  equation  (Ij  then  gives  Vp  =  =  2.0to2.2 

km/s.  There  seems  little  doubt  that  at  water  depths  exceeding  2  km,  there  are  few, 
if  any,  gas  bubbles  in  the  in  situ  sediments,  implying  that  laboratory-measured  Vp 
values  ha\e  been  seriously  underestimated. 

Another  important  implication  of  this  result  is  that  it  allows  us  to  estimate 
both  p  and  K  from  ultrasonic  velocity  measurements  alone,  simply  by  measuring 
Vp  before  and  after  evacuation  of  the  sample  and  assuming  that  K  =  0  for  the 
unevacuated  sample  measurement.  We  are  presently  working  on  ultrasonic  velocity 


measurements  on  the'  same  sample  for  which  Qk  has  been  measured  and  should 
have  the  results  in  time  for  the  site  visit. 

We  are  presently  installing  a  circulating  fluid  line  around  the  equipment  in 
•  order  to  control  temperature.  To  facilitate  ....mparison  of  our  results  by  others  in 
what  is  essentially  “new  territory”,  we  have  also  measured  glycerol,  a  faiily  low-Q 
fluid,  and  compared  the  results  with  those  obtained  in  our  own  laboratory  at  ultra¬ 
sonic  frequencies. 

Another  of  our  goals  this  year,  as  stated  in  the  current  year  (1989)  proposal, 
is  to  compare  our  results  for  E  and  Qg*  with  results  obtained  from  the  resonant 
column  technique,  in  cooperation,  with  Dr.  Bennell.  With  the  limited  resources  on 
hand,  we  are  moving  cautiously,  but  steadily  in  this  direction.  To  this  effect,  we 
have  initially  sent  him  samples  of  the  two  consolidated  sandstones  for  which  we  have 
obtained  values  of  E  and  Q'^.  We  expect  to  send  him  samples  of  the  unconsolidated 
materials  on  which  we  are  presently  working  before  the  end  of  1989. 

Dr.  Bennell  is  able  to  determine  /i,  E  and  over  a  wide  range  of 
strains  (10"®  to  10"^)  and  pressures  of  up  to  0.7  MPa  (7  atm.),  equivalent  to  about 
60  m  water  depth  (Bennell  et  al,  in  press).  He  has  sent  us  six  samples  of  sediments 
for  which  he  is  presently  measuring  the  above  four  parameters,  using  the  resonant 
column  method: 

Sample  A  alluvial  silt 

B  continental  shelf  mud 

C  uniform  sand 

D  silty  sand 

E  soft  deep-sea  clay 

F  stiff  glacial  clay 


Dr.  Bennell's  resonant  column  setup  also  enables  him  to  perform  ultrasonic 
measurements  of  Vp,  Qp,  Ks  and  Qj'  simultaneously  with  the  ii  and  Qg^  deter¬ 
minations  at  seismic  frequencies.  While  Dr.  Bennell  is  studying  these  six  samples 
in  his  laboratory,  Janice  Marsters  (graduate  student)  is  now  preparing  the  same 
samples  for  measurement  of  K  and  QJ;'  at  low  frequencies  as  well  as  ultrasonic  Vp 
and  Vs  values.  Using  these  data  we  will  then  be  able  to  compare  our  results  with 
Dr.  Bennell’s. 

Resulting  Talks  and  Papers 

Lienert,  B.R.  and  M.H.  Manghnani,  Internal  friction  (Qg’)  in  solid  materials  in 
the  frequency  range  0.1-100  Hz,  submitted  to  J.  Appl  Phys.,  1989. 

Lienert,  B.R.,  Measurement  of  Qp  in  fluids  and  unconsolidated  sediments  in  the 
seismic  frequency  range  (0.1-100  Hz).  Paper  presented  at  session  S13:  Scat¬ 
tering  and  attenuation  of  seismic  waves,  lUGG/IASPEI  meeting,  Istanbul, 
Turkey  (August,  1989). 
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Long-term  Scientific  Objectives 

To  understand  the  variations  in  physical,  acoustic,  and  electrical  properties  of  marine  sediments  in 

terms  of  various  controlling  factors  including  composition,  diagenetic  stage,  sedimentology  and  microfabric. 

Observations  will  be  incorporated  into  geoacoustic  models  with  predictive  capabilities. 

Project  Objectives 

1.  Analysis  of  regional,  basin-wide  systematics  of  acoustic  and  physical  properties  variations  as  related 
to  stratigraphy  and  depth. 

2.  Investigation  of  correlations  between  velocity  anisotropy  and  preferred  orientation  of  mineral  grains 
in  marine  sediments. 

3.  Systematic  investigation  of  physical,  acoustic  and  electrical  properties  of  mannc  sediments  as  a 
function  of  composition,  lithology,  diagenetic  characteristics,  and  microfabric. 

4.  Correiation  of  changes  in  miaofabric  and  physical  properties  of  clay-tich  sediments  during 
compaction  and  lithification. 

Current  Status  and  Progress 

1.  Data  on  sediment  type,  physical  properties,  and  acoustic  veloaty  from  DSDP  and  ODP  sites  along 
an  east-west  transect  across  the  western  North  Atlantic  have  been  compiled.  A  regional  stratigraphy 
has  been  constructed  to  be  used  as  a  framework  for  correlating  variations  in  velocity  with  depth  and 
lithology.  Porosity-velocity  systematics  for  siliceous  sediments  from  the  central  basin  and  the  New 
Jersey  shelf  are  shown  in  Figure  1.  Relatively  high  porosity-low  velocity  samples  fall  near  the  curve 
described  by  the  Wood's  equation.  Compaction  and  diagenesis  result  in  departure  from  the  Wood's 
curve  and  approach  to  the  curve  described  by  the  Wyllie  equation.  The  increase  in  velocity  with 
porosity  loss  is  steeper  at  the  basin  sites  than  on  the  shelf;  this  may  reflect  differences  in 
sedimentology,  composition  and  miaofabric. 

2.  Vp  anisotropy  in  calcareous  and  clay-rich  sediments  has  been  investigated  using  X-ray  pole  figure 
goniometiy  measurements.  Measurements  on  samples  from  several  DSDP  sites  having  anisotropies 
between  4.5  and  19.0%  showed  random  distribution  of  the  1014  planes  of  calcitc  grains  (Fig.  2). 
Anisotropy  in  these  samples  is  therefore  not  caused  by  calcite  texture.  The  correlation  between  Ap 
and  calcite  content  was  found  to  be  positive  for  calcareous  claystones  and  clay-beanng  limestones 
from  DSDP  Leg  93  and  ODP  Leg  110,  and  negative  for  pelagic  chalks  of  ODP  Leg  122  (Figure  3). 
These  differences  are  probably  due  to  microfabric  and  distribution  of  flat-lying  pores. 

3.  TEM  and  SEM  microfabric  studies  of  siliceous  oozes,  porcellanites,  and  cherts  from  ODP  Legs  108 
and  113  and  DSDP  Legs  85  and  86  are  underway.  Data  from  these  studies  will  be  used  in 
interpretation  of  Vp  and  Vs  measurements  that  are  completed  for  these  samples. 

4.  Our  previous  studies  have  shown  the  influence  of  smectite  content  on  porosity  retention  during 
compaaion  of  cU>  rich  sediments  (Tribble,  in  press).  TEM  microfabric  studies  of  shallowly-buried, 
smectite-rich  sedituents  from  the  Barbados  accretionaiy  prism  are  currently  underway  to  investigate 
this  phenomenon. 


S.  Compressional  and  shear  velocities,  compressional  attenuation,  electrical  resistivity,  bulk  and  grain 
densities,  and  porosity  have  been  measured  on  samples  from  ODP  Leg  122.  Differences  with  the 
shipboard  measurements  have  been  explained  in  terms  of  analytical  problems  with  the  shipboard 
techm'ques,  and  corrections  have  been  determined. 
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Figure  1.  Velocity  versus  porosity  for  siliceous 
sediments  from  the  western  North  Atlantic 
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Geoacoustic  Modeling:  Geoacoustic  studies 
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1.  Gwagoustic.Studi^s- 

Sediments  from  Site  584  of  DSDP  Leg  87  in  the  Japan  Trench  have  been  the  focus 
of  both  geoacoustic  and  sedimentological  investigations  in  the  past  year.  One  interesting 
outcome  of  our  work  is  the  correlation  of  a  zone  of  anomalous  physical  and  cicoustic  prop¬ 
erties  with  variations  in  biogenic  silica  content  with  depth.  Measurements  of  porosity,  bulk 
density  and  grain  density  as  well  as  other  physical  and  acoustic  properties  were  made  in 
our  geoacoustic  laboratory,  and  the  very  same  samples  were  analyzed  for  r  ineralogy  and 
amorphous  silica  content  in  our  sedimentologic^  laboratory.  Physical  and  acoustic  prop¬ 
erties  of  this  sediment  sequence  as  a  function  of  depth  are  portrayed  in  Figures  1-6.  Some 
important  aspects  of  these  vertical  profiles  of  physical,  acoustic  and  electrical  properties 
(measured  by  D.  O’Brien  as  part  of  his  ongoing  Ph.D.  dissertation  work)  are: 

(a)  Plots  of  the  various  physical  properties  with  depth,  especially  compressional  wave 
velocity  data  (Figure  4),  suggest  that  the  sediment  column  can  be  divided  into  4  units: 

Unit  1  (4-170  m):  This  unit  consists  of  unconsolidated  sediment.  The  properties  of 
this  unit  do  not  vary  appreciably. 

Unit  2  (170-500  m)!  This  unit  (and  all  succeeding  units)  consists  of  consolidated  sed¬ 
iment.  Physical  properties  within  this  unit  show  a  “normal”  progression  with  depth,  in 
which  velocity  and  bulk  density  increase  with  depth,  and  porosity  decreases  with  depth 
(Figures  1,  3,  and  4), 

Unit  3  (500-800  m):  This  is  a  region  of  anomalous  physical  properties  (either  greatly 
elevated  or  depressed). 

Unit  4  (800-941  m):  The  properties  of  this  unit  show  a  resumption  of  the  “normal" 
progression  with  depth. 

(b)  Both  Vp  and  Qp  were  measured  in  the  horizontal  and  vertical  directions  (Figures 
4  and  5).  It  was  observed  that  Vpi,  >  Vp,  (positive  velocity  anisotropy)  and  Qp,  >  Qph 
(negative  Q  anisotropy)  from  the  top  of  the  hole  down  to  about  650  m.  Below  this  depth, 
the  trend  was  reversed  such  that  Vp,  >  Vpj,  (negative  velocity  anisotropy),  and  Q.p/i  >  Qp, 
(positive  Q  anisotropy).  This  finding  was  not  anticipated,  especially  because  the  sediment 
column  IS  quite  homogenous.  It  was  discovered  that  this  trend  was  caused  by  a  change  in 
the  bedding  inclination. 

(c)  Qp  decreases  (attenuation  increases)  with  depth  (Figure  5)  until  about  650  m, 
where  it  starts  to  increase  with  depth.  This  observation  is  at  first  surprising,  because  it 
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is  known  that  Q  increases  with  depth  in  sands  and  within  the  earth’s  mantle.  However, 
Goldberg  et  al.  (1985|  and  Cheng  et  al.  [1986]  found  Qp  to  decrease  with  depth  in  soft 
sediments,  and  Cheng  et  al.  reported  Qp  values  of  the  same  magnitude  as  the  present 
data  (between  10  and  35).  The  trend  of  an  initial  decrease  of  Qp  followed  by  an  increase 
with  depth  in  clays  was  predicted  by  Hamilton  (1976,  1980).  The  present  data  are  the 
first  to  document  this  trend.  Sands  have  low  porosities  (about  25%)  and  undergo  only 
a  small  amount  of  porosity  reduction  with  compaction,  because  the  grains  are  generally 
in  contact  with  each  other,  and  the  framework  is  therefore  quite  rigid.  Clays,  however, 
initially  have  large  porosities  (about  70%)  owing  to  a  “house  of  cards”  gram  structure.  A 
large  porosity  decrease  with  depth  occurs  as  the  grain  structure  collapses.  The  progres¬ 
sive  grain  structure  collapse  does  not  add  rigidity  to  the  sediment.  As  porosity  decreases, 
there  is  less  water  (which  has  a  very  high  Qp)  in  the  pores  per  unit  volume  of  sediment 
(which  has  a  very  low  Qp).  In  addition,  it  can  be  expected  that  frictional  dissipation  will 
increase  energy  loss  as  more  uncemented  rains  come  into  contact  [Hamilton  1976,  1980). 
This  porosity  decrease  results  in  a  net  decrease  in  Qp.  It  is  not  until  the  grain  structure 
totally  collapses  (or  diagenesis  occurs)  that  the  pressure  on  the  gram  framework  increases 
the  sediment  rigidity,  and  causes  the  Qp  to  increase  with  depth.  This  total  framework 
collapse  probably  occurs  at  about  650  m  in  this  hole. 

(d)  It  was  stated  above  that  Qp,  >  Qp^  (horizontal  attenuation  is  greater  than  vertical 
attenuation)  at  the  top  of  the  hole,  and  then  reversed  below  650  m.  Because  Vp  is  fastest 
in  the  horizontal  direction  at  the  top  of  the  hole,  it  is  surprising  that  the  P-wave  amplitude 
decays  fastest  in  this  direction  as  well.  The  present  data  are  the  first  attenuation  data 
for  sediments  collected  in  both  horizontal  and  vertical  directions,  so  no  comparison  with 
data  from  the  literature  is  possible.  The  causes  of  these  observations  will  be  the  subject 
of  future  research. 

(e)  Unit  3  is  a  region  of  anomalous  properties  as  reflected  in  velocity,  attenuation, 
electrical  resistivity,  bulk  density,  porosity  and  grain  density  (Figures  1-6).  The  anomaly 
is  most  obvious  in  porosity  and  grain  density.  Changes  in  these  variables  aPect  all  the 
other  properties.  The  grain  density  of  Unit  3  has  a  maximum  of  2.65  g/cc.  The  sediment 
is  composed  mostly  of  clay  minerals,  quartz,  calcite,  and  feldspars  with  densities  of  2.5  - 
2.9  g/cc,  and  opal-A  with  a  density  of  about  1.9  g/cc.  The  grain  density  of  the  sediment 
should  greatly  increase  if  there  were  a  large  decrease  in  the  concentration  of  opal-A.  An 
increase  in  one  of  the  high  density  minerals  would  not  greatly  affect  gram  density,  because 
the  minerals  have  approximately  the  same  density. 

2.  Applications  of  Biot  Theory. 

The  Biot  (1956a, b)  theory  of  wave  propagation  m  poroelastic  materials  has  been  used 
extensively  m  modeling  phase  velocity  and  attenuation  m  porous  rocks  and  sediments 
Recently  the  theory  has  been  successfully  employed  for  characterizing  the  variation  of 


Depth, 


Vp  with  depth  z  (Ogushwitz,  1985;  Taylor-Smith,  1985)  and  for  quantitatively  describing 
dispersion  phenomena  (Winkler,  1985).  Other  authors  (Murphy,  1982;  White,  1986)  have 
concentrated  upon  the  variation  of  Qj'  with  frequency,  whilst  Stoll  (1974,  1985)  has  exam¬ 
ined  the  compressional  wave  attenuation  coefficient.  The  consensus  of  opinion  from  these 
studies  is  that  the  Biot  (19S6a,b)  poroelastic  mode!  is  adequate  for  describing  the  variation 
of  V,  with  depth,  but  is  insufficient  for  characterizing  attenuation/dispersion  phenomena. 

We  have  investigated  the  viability  of  the  Biot  (1956a,b)  model  for  predicting  V),  and 
Qp '  using  laboratory  data  for  deep-sea  carbonate  sediments  from  Kim  et  al.  (1985)  and 
Milholland  et  al.  (1980).  Our  results  <ire  shown  in  Figure  6a.  The  variation  of  Vp  with 
depth  for  DSDP  sites  288  and  289  has  been  studied,  with  emphasis  placed  on  the  uncer¬ 
tainty  in  the  modeled  velocities  that  is  due  to  experimental  errors  and  to  uncertainties  in 
assumed  parameters.  The  frame  Poisson’s  ratio  was  then  made  the  free  parameter  of  the 
model  and,  by  matching  predicted  and  experimental  velocities,  the  assumption  of  constant 
<3\  throughout  the  carbonate  sediment  sequences  has  also  been  tested.  Finally,  the  appli¬ 
cability  of  the  Biot  (1956a)  theory  in  modeling  Qp*  is  examined  for  14  chalk-limestone 
samples  from  DSDP  sites  288,  289  and  316.  For  two  samples,  predicted  values  for  Qp  ‘  are 
found  to  be  effectively  zero  if  critical  values  of  o\  are  selected  for  modeling.  These  cases 
correspond  to  the  “compatibility  condition”  as  identified  by  Biot  (1956a). 
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Fig  6a 

Compressional  wave  velocity,  Vp, 
versus  depth  for  chalk-limestone 
sequence,  DSDP  site  289,  deduced 
from  the  Biot  theory  (Hurley  and 
Manghnani,  1987,  submitted!  Ex¬ 
perimental  measurements  after 
Milholland  et  al  '19801 
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3.  Opal-A  Work. 


Significant  progress  has  been  made  in  the  past  year  to  document  further  the  influence 
of  the  biogenic  silica  content  of  a  sediment  on  the  measured  physical  and  acoustic  proper¬ 
ties  .  There  are  two  primary  reasons  for  this  emphasis  on  biogenic  silica: 

(a)  Opaline  silica  (opal-A)  is  the  only  common  mineral  component  in  marine  sediments 
that  has  a  density  significantly  different  from  other  major  components.  The  clay  minerals, 
quartz,  calcite,  zmd  feldspars  all  have  densities  in  the  range  of  2.5-2.9  g/cm’,  whereas  opal- 
A  has  a  density  of  about  1.9  g/cm^.  Variations  in  the  biogenic  silica  content  of  sediments, 
therefore,  should  be  reflected  by  changes  in  grain  density,  and  presumably  by  changes 
in  other  properties  such  as  bulk  density,  acoustic  velocity,  etc.  Hamilton  [1978]  reports 
empirically-derived  relationships  for  the  acoustic  and  physical  properties  of  siliceous  sedi¬ 
ments  that  differ  from  analogous  curves  for  sediments  of  different  compositions.  A  number 
of  investigators  have  also  reported  variations  of  velocity  with  sediment  composition  for 
sequences  in  which  biogenic  silica  content  varies  |e.g.,  Wilkens  and  Handyside,  1985].  We 
have  found  essentially  no  data  in  the  literature,  however,  with  which  the  relationships  with 
silica  content  can  be  quantified.  Quantitative  measurements  of  actual  opaline  silica  content 
with  depth  have  not  been  made  on  sediments  (except  in  this  study)  for  which  physical  and 
acoustic  properties  are  known. 

(b)  Biogenic  silica  undergoes  a  series  of  diagenetic  reactions  with  burial  that  alter  its 
mineralogy,  water  content,  density,  and  morphology.  The  properties  of  a  marine  sediment 
will  be  influenced,  therefore,  not  only  by  its  original  biogenic  silica  content,  but  also  by 
the  pathway  of  silica  diagenesis.  Chert  horizons,  prei'alent  in  Eocene-age  sediments  for 
example,  are  a  familiar  end  product  of  this  diagenetic  pathway  that  have  a  clear  physi¬ 
cal  and  seismic  signature  (e.g.,  Tucholke,  1981).  We  have  focused,  however,  on  the  lesser 
understood  aspects  of  silica  diagenesis,  including  the  influence  of  the  early  stages  of  the 
diagenetic  transformation  of  opal-A  to  opal-CT  on  sediment  properties  such  as  fabric.  One 
very  important  result  of  our  opal-A  work  is  that  it  illustrates,  as  documented  beiow,  the 
necessity  for  doing  rigorous  mineralogical  microfabric,  and  diagenetic  studies  in  order  to 
understand  the  behavior  of  the  physical,  acoustic,  and  electrical  properties  of  a  sediment 
sequence. 

As  mentioned  above,  one  of  our  goals  this  year  has  been  to  quantify  the  biogenic  silica 
content  of  seviral  deep-sea  sediment  sequences.  The  method  we  chose  is  a  chemical  dis¬ 
solution  technique  in  which  weight  loss  is  measured  after  leaching  of  the  opal-A  from  the 
sample  [Follett  et  al.,  1965;  Eggiman  et  al.,  1980).  This  method  was  considered  preferable 
to  other  techmques  employing  infrared  spectroscopy  and  x-ray  diffraction  after  conver¬ 
sion  of  the  opal-A  to  opal-CT  by  heating  (Chester  and  Elderfieid,  1968;  Goldberg,  1958), 
because  of  interference  of  quartz  in  the  latter  two  methods.  We  needed  a  method  that 
would  be  applicable  to  hemipelagic  as  well  as  pelagic  sediments  The  chemical  dissolution 
technique  is  commonly  used  for  soils,  and  to  some  degree  for  ocean  surface  sediments,  but 
has  not  previously  been  used  to  our  knowledge  on  a  depth  sequence  of  sediments  Because 
of  the  changes  in  solubility  associated  with  early  diagenesis  of  'he  silica,  the  technique  had 


to  be  calibrated  for  the  type  of  sediments  we  were  treating.  Our  method  is  outlined  in 
Figure  7. 

To  date,  we  have  analyzed  two  sediment  sequences  for  amorphous  silica  content.  Site 
584  of  DSDP  Leg  87  in  the  Japan  Trench  was  chosen  to  test  the  hypothesis  that  variations 
in  opal-A  content  influence  physical  and  acoustic  properties.  Shipboard  smear-slide  data 
indicated  a  variation  in  diatom  content  with  depth,  and  our  mineralogical  studies  showed 
no  evidence  of  transformation  of  opal-A  to  opal-CT.  Physical  properties  of  this  sediment 
sequence  as  a  function  depth  (Figures  1-6)  were  discussed  in  the  previous  section. 

Some  relationships  between  the  physical  properties  and  opai-A  content,  as  determined 
in  our  geoacoustics  and  sedimentological  laboratories  (Schoonmaker  et  al.,  1987;-  O’Brien 
et  al.,  1987|,  are  shown  in  Figures  8-10.  Figure  8  shews  the  relationship  between  opal-A 
content  and  grain  density  for  the  sediments  of  Site  584.  As  expected,  the  two  properties 
are  inversely  correlated.  As  shown  in  Figure  9,  opal-A  content  is  also  correlated  with 
porosity,  probably  reflecting  pore  space  associated  with  the  chambers  of  diatom  tests.  The 
influence  of  opal-A  content  on  porosity  will  depend  in  part  on  the  degree  of  fragmentation 
of  the  tests;  whole  tests  should  have  the  greatest  effect  on  porosity.  Finally,  as  predicted, 
opal-a  content  is  negatively  correlated  with  compressional  wave  velocity  (Vp),  as  shown  m 
Figure  10.  Note  that  the  opal-A  contents,  which  vary  between  7  and  13%,  are  relatively 
low,  and  their  effect  on  acoustic  velocity  owing  to  mineral  density  differences  alone  would 
be  rather  small.  VVe  believe  that  the  associated  porosity  differences  are  also  an  important 
factor  in  producing  variations  in  acoustic  velocity  related  to  opal-A  content. 

Sediments  from  the  second  sequence  analyzed.  Site  467  of  DSDP  Leg  63,  have  un¬ 
dergone  significant  silica  diagenesis  and  have  been  the  focus  of  our  diagenctic  and  fabric 
studies.  The  conversion  of  opal-A  to  opal-CT,  and  eventually  to  quaitz,  with  increasing 
burial  depth  at  this  site  follows  a  diagenetic  pathway  that  can  be  traced  on  a  plot  of  opal-A 
content  vs.  Vp  (Fig.  U).  The  shallow  part  of  the  sequence  contains  relatively  low  per¬ 
centages  of  opal-A,  and  acoustic  velocities  are  independent  of  the  opal-A  content.  These 
samples  plot  in  zone  A  on  the  diagram.  Moderate  change  in  V„  with  depth  in  this  zone 
reflects  primarily  compaction  of  the  clay-nch  sequence.  Samples  containing  more  opal-A 
have  higher  velocities  (zone  B  on  Figure  U),  defining  a  trend  opposite  to  that  shown  by 
the  sediments  from  Site  584  (see  Figure  10).  This  apparent  discrepancy  is  a  result  of 
silica  diagenesis.  The  samples  in  zone  B  have  all  undergone  partial  diagenetic  conversion 
of  opal-A  to  opal-CT.  This  diagenetic  reaction  involves  an  increase  in  grain  density  and 
changes  in  the  amount  and  nature  of  the  porosity  (see  discussion  of  fabric  changes  beiowj 
The  net  result  of  the  conversion  to  opal-CT  is  an  increase  in  acoustic  velocity  From  our 
initial  x-ray  diffraction  and  SEM  studies  (as  reported  in  last  year’s  proposal),  we  suspected 
that  the  conversion  was  complete.  We  have  shown,  however,  through  the  chemical  leaching 
experiments  and  our  TEM  studies  (see  below)  m  the  past  year,  that  significant  amounts  of 
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fUpper  diagram)  Variation  ot  gram  densitv  with  ooaline 
silica  content  for  the  sediments  of  OSDP  leg  Site 
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o'pal-:A  remain;.esp_Ki_^ly,-in  the,upper;part  of;the  ppal-CT  zone.  The  lowermost  sample  in 
the-.opal-iiTizohe.iSjmnple't^-i,  h^iuridergone, nearly  ..complete  conversion,  and  therefore 
pjofe.dn'the.ipw.opal-AiijiigH .yeiocity.cdrner  oMhe  diagram.  Sample  from  the  lowest  part 
of  the  sequrace  contain  no  opal'A.oropal^CT,  but  are  enriAed  in  quartz.  Although  some 
of  the  quaftz  is.detrital  'm  origin,  a  portion  of  it  is  .thought  to  originate  authigenically  from 
the  conversion  qf'Op^-CT-to.quMtz  (see,discuiBion  of  TEM  . work)  below).  These  samples 
falhat  the  fM,  lefth^d  side  oAFigure  11  (zone  C),-and  their.  Vp  values  Me  essentially  inde¬ 
pendent  of;6pallA  content.  The  dependence  of  Vp  oh  combined  opal-CT  +  quartz  content 
is  shown'-in  Figure’!?.' 

4.  Fabric  Studies 

Last  year  .we  began  inviMtigation  of  the  microfabtic  of  marine  sediment  using  scanning 
electron  microscopy  (SEM).  We  obtained, results  that  related  diagenetic  changes  to  fabric 
alteration,  and  the  effects  on  acoustic  and  physical  properties  fSchoonmaker  et  al.,  1987|. 
We  focused  on  sediments  from  Leg  63,  Site  467  in  which  the  transformation  of  silica  from 
opal-A  to  opal-CT  was  apparent.  In  continuing  that  work  this  past  year  we  found  that  we 
could  not  examine  the  shallow  half  of  the  hole  using  SEM.  Sample  preparation  required 
critical  point  drying  which  caused  the  disaggregation  of  the  slightly-lithified  shallow  sam¬ 
ples,  destroying  the  fabric. 

We  decided  to  try  a  different  technique,  transmission  electron  microscopy  (TEM),  for 
the  fabric  studies.  Sample  preparation  for  TEM  examination  of  fabric  is  a  time-consuming, 
difficult  task  involving  embedding  blocks  of  the  sample  with  resin,  then  examining  thin 
sections  of  the  material.  The  method  we  used  is  a  liquid  dehydration  and  spurr  resin  em¬ 
bedding  technique  modified  from  Bailey  and  Blackson  jl984j  and  Jim  (1985].  This  method 
minimizes  disruptions  of  the  original  microfabric  of  the  sediment  samples,  especially  of  the 
poorly  lithified  samples  from  the  upper  part  of  the  section.  The  details  of  this  method  are 
shown  in  Figure  13. 

Nine  samples  were  embedded.  Sediments  from  the  opal-A  to  opal-CT  transition  were 
sampled  in  detail  and  representative  samples  were  collected  from  sediments  above  and 
below  the  opal  transition.  At  the  time  of  this  writing,  six  samples  covering  the  entire 
depth  range  have  been  surveyed  by  TEM.  These  samples  are  identified  on  Figure  14  which 
shows  the  Vp  distribution  with  depth.  To  date,  our  study  has  been  a  qualitative  one.  The 
focus  of  our  observations  has  been  to  document  the  following  characteristics,  which  have 
an  effect  on  acoustic  and  physical  properties  of  the  sediments  as  a  function  of  burial  depth: 

1.  clay  platelet  interrelations  and  orientations 

2.  porosity-nature  (inter-  vs.  intra-granular),  general  size  and  shape 
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a.  Clay  phtelet .  relationships ' 

AsihM'beeh  obsenrejd.'byi other  inyestigato're, (e.g.,  .Bf  'tt^-lOTTl,  clay. particles. in 
sh'ailowiytbuneS^sediments  3^  randpnf’'.orientatiojnS-  with  /mpect  to  vertical;  Plate  1 
shows -a';  representative  ipKptpmicr^raph;  of 'the. ;samp^l^^^^  m  depth.  The  sediment 

grains  are'do&nantly;,biogenic;silic’a'fra^w^^wd’clay'..puticIes,  and  the. clay  plateleis 
are. randomly  oriented  smd', share  edge-.t^.edge  wd  edge^tbrface  contacts  characteristic  of 
the  ”house  of  cards”  structure.  With  increasing  depth,  small  domains  of  clay  particles 
sharing  face^to-face  contacts  form- and  begin  to  show.some  parallel  orientation  (Plate  2, 
29S  m).  In  sample  62-1  (S76'ia  depth),  a  tfue  orientation  of  clay  domains  has  been  estab> 
lished,  and.the  rock  has  developed  incipient  fiss'ilily. (Plate  3).  The  vertical  compressionai 
velocity  increased  from  1.S9  km/s  to  2.22  km/s  over  this  depth  range. 

b.  Nature  of  porosity 

In  the  upper  500  m  of  section,  intergranular  porosity  is  high  (see  Pb.te  1).  Intragran- 
ular  porosity  depends  primarily  on  the  biogenic  silica  contiint,  although  some  samples  also 
contain  calcareous  microfossils  (forams)  that  cotit;ib.<t(  significantly  to  porosity.  Plate  4 
shows  a  radiolarian  test  with  a  large  spherical  interior  chamuer.  Much  of  the  brittle  skeletal 
wall  was  plucked  out  during  sectioning  of  the  sediment,  ai-.d  therefore  does  not  represent 
porosity,  but  the  interior  chamber  is  filled  with  resin  indicating  it  was  fluid  filled  when  the 
sample  was  prepared.  In  contrast,  the  opal-CT  sonn  ^between  about  500  and  725  m)  is 
characterized  by  channel-like  pores  of  irregulr;  shape  (Fiate  3),  with  their  long  axes  aligned 
parallel  to  the  overall  fabric.  Smaller  pores  have  been  bridged  and  are  being  occluded  by 
growth  of  opal-CT  bladed  cements  and  lepispheres.  The  sediments  underlying  the  opa;-CT 
zone  have  undergone  the  diagenetic  conversion  of  opal-CT  to  microcrystalline  quartz,  and 
the  sediment  microfabric  has  been  significantly  altered.  Plate  5  (1025  m  depth)  shows  the 
dominance  of  intergranular  microporosity  in  this  quartz-rich  sample.  The  pores  are  small, 
irregularly  shaped,  and  are  commonly  b.'idged  and  partially  filled  with  an  authigenir.  clay. 

c.  Authigenesis 


Diagenetic  reactions  leading  to  dissolution  of  some  phases  and  precipitation  of  others 
can  radically  alter  sediment  fabric,  and  thus  acoustic  response.  The  major  diagenetic  re¬ 
action  noted  in  site  467  sediments  is  the  conversion  of  opal-i  to  opai-CT  to  quartz.  Plate 


PLATE  2.  A«),  Incipient  orientation  of  clay  fabric. 

Clay  particles  show  increased  face-to-face  associations 
and  clay  doioains  show  slight  preferred  orientationr 
At  top  right  an  area  of  biogenic  opaX-A  (A)  shows 
characteristic  conchoidal  fracturing  and  plucked 
void  (V)  caused  by  sectioning.  B.)^  Detail  of  clay 
particle  associatio-^s.  (Core  32-3,  295m;  TEM) . 


PLATE  3.  A«)  Highly  oriented  clay  dosalns  within  a 

matrix  of  opal-CT  cement.  Unaltered  opal-A  (A)  is  seen 
on  Che  left  margin*  B.)  Detail  of  opal^CT  blades  and 
lepispheres  (CT)  occluding  pore  space  (P)  and  preferrea 
orientation  of  clays*  Scalloped  holes  and  voids  (V) 
are  artifacts  of  sectioning*  (Core  62-1,  376m;  TEH). 
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PLATE  4,  A.)  Large  circular  pore  (P)  associated 

with  biogenic  silica.  Much  of  the  brittle  opal-A  of 
the  test  was  plucked  out  (V)  during  sectioning. 

8.)  Detail  of  test  showing  pitting  and  development 
of  microporosity  along  the  outer  margins  of  the  test 
(Core  16-2,  141.5m;  TEM) . 


4.shpws,tlie  relatively,  fresh  opaj-A, of  a.radiqlarian  test  iii  the  upper  pjirt  of  the  sequence. 
.Note.the, increased  inicro-pprosi^.qf  the,opai:A  ,alpng  the  edges  of  the  test,  apparently  a 
si^  pf-,the  ;eaffly;StagK,ofi<iisOTiutipn.  At  depth.the-Ppal-A  dissolves  auid  is  reprecipitated 
as  opaltCT'in  the  fom  of  Iepispheres,M>d,bladed  cements  (Plates-S  and  6b).  It  is  apparent 
■that-.the  silica,  is,  iocally-redrstributediby,- this 'procKS  and  that  the  nature  of  porosity  is 
largely,  modified.  Note  in.P.late  3a-the’relict'opal-A  at;, the.left  side  of  the  photpmicro- 
graph.  As  hpted  above,  Plate.S'shows  small  grauns  ofmicrocrystailihe  quartz  produced  by 
the  opal-CT.to  quartz  conversion.  Other  diageneticaily-prpduced  phases  noted  in  various 
samples  include  palygorskite,  clinoptilolitei,pyrite,'imd  clay  (illite?);  The  occurrence  of 
pyfite,  surrounded  by  opal-CT  lepisphef^,  is  illustrated  in  Plate  6.  > 

d.  Overall  fabric 

In  this  sirrvey,  we  have  tried,,  to  obtain  a  sense  of  changes  in  overall  fabric  that  the 
sediment  undergoes  during  burial.  Starting  with  high  porosity  and  random  particle  orien¬ 
tation  (Plate  1),  the  sediment  gradually  develops  a  fabric  characterized  by  elongated  zones 
of  oriented  clay  domains  separated  by  zones  of  massive  opai-CT  (Plate  7).  Finally,  at 
the  base  of  the  hole,  the  fabric  is  dominated  by  small  quartz  grains  and  small,  irregularly 
shaped  pores  bridged  by  clay.  A  faint  parallel  alignment  of  pore  spaces  and  clay  domains, 
however,  is  still  apparent  (Plate  5). 

In  Section  2  above,  the  role  of  these  fabric  studies  in  controlling  sediment  acoustic 
response  is  discussed. 

i.  Lithification  Studies 

The  Barbados  accretionary  prism  is  made  up  of  hemipelagic  and  pelagic  sediments 
that  have  been  scraped  off  the  subducting  Atlantic  plate  and  incorporated  into  a  thick 
wedge  of  sediments  along  the  subduction  zone.  Two  drilling  legs  (DSDP  78A  and  OOP 
110;  Dr.  Schoonmaker  participated  in  Leg  110)  have  sampled  the  sediments  near  the  toe 
of  the  prism,  whereas  wells  drilled  on  the  island  of  Barbados  have  penetrated  3  km  into 
the  prism  along  its  crest.  During  ODP  110,  a  transect  of  holes  perpendicular  to  the  front 
of  the  prism  was  drilled;  one  reference  site  on  ,the  Atlantic  seafioor  and  5  sites  on  the 
prism  (Figure  15).  At  the  reference  site  and  3  of  the  prism  sites  a  specific  unit  of  Miocene 
claystone/mudstone  was  sampled  repeatedly  at  increasing  depths  from  east  to  v/est  along 
the  transect.  The  increase  in  burial  depth  is  a  result  of  tectonic  thickening  of  the  section 
by  thrust  faulting  and  folding  associated  with  the  ofiscraping  of  the  sediments. 

The  presence  of  a  unit  of  claystone  of  identical  age  and  nearly  uniform  composition 
at  a  variety  of  burial  depths  allows  us  to  examine  the  changes  in  physical  and  acoustic 
properties  as  a  simple  function  of  compaction  and  early  lithification.  The  variables  of 


PLATE  6.  A.)  TEM  photomicrograph  of  a  large  cavity 

(P)  partially  filled  by  pyrite  fraoboids  CPF)  and 
incipient  opal-CT  lepispheres  (CT).  B.)  SEM  image 

showing  void-filling  pyrite  framboids  (PF)  in  a  matrix 
of  bladed  lepispheres  (CT) .  (Core  70-1,  652m), 


PLATE  7,  A.)  Sediffient  section  dominated  by  aassive 

opal-CT  cement.  B.)  Detail  showing  preferred  orientat 
of  clay  domains  within  the  opal-CT  matri:t.  (Core  70-1.' 
652n;  Xm) , 


t 
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F.gure  15.  Location  of  drilling  sices  during  ODP  l 
UO  in  the  Barbados  accretionarv  orisn 


-age.andiOTigihaj  compiosition  normally  encountered, in  vertical  sequences  are  ellininated. 
Structural/deform  may ^be .r«pqns]ble  for, some  of  the  observed  "noise”  in  the  data, 

but , we  believe. the  major  trendd  observed  reflect  the  effects  of  compaction  and  lithification 
,owng,tpiburiah  This  study  is  an.extension  of  the  one.we  conducted  on  samples  of  pelagic 
.clay.^ffom  i)SDE''Ijeg^86  in'the'P«ific';{Sch6onmaker,iet  ai.',  1985).  The  Leg  86  sspples 
reached  a'maximumlbufial, depth  qf-266,m  and- permitted. us  to  evaluate  the  effects  of 
comp^tion  pniessentially  unllthified  sediments.  The  Leg  110  smples  have  been  buried 
to  slightly  mofe.'.than’500.m  and  are  at  least  .partially,  lithified.  In  addition,  the  study  of 
lithification  ofthe.Leg  110  ciaystpnes  can  ^  extended  to  3  km  burial  depth  by  inclusion  of 
mudstones  of  similu  composition  from  wells  on  Barbados  Island.  The  physical  properties 
data  forthe -Leg -110  sample  are  shipboard-measurements;  the  data  for  the  Barbados  well 
sample  are  from  our.  laboratory. 


When  plotted  versus  depth,  the  porosities  of  the  Miocene  claystone  from  the  4  differ¬ 
ent  Leg  110  sites  show  a  trend  decreasing  from  roughly  65-75%  for  the  shallow  samples 
to  50-60%  at  depth  (Figure  16).  For  each  of  the  sites  there  is  a  superimposed  zig-zag 
trend  in  the  data  that  can  be  related  in  most  cases  to  the  location  of  faults  in  the  respec¬ 
tive  sections,  but  these  variations  do  not  obscure  the  general  trend.  Bulk  density  shows 
a  near  mirror  image  trend  of  increase  with  depth.  This  is  to  be  expected  because  the 
sediments  are  essentially  uniform  in  composition,  and  thus  in  grain  density.  The  plot  of 
grain  density  vs.  depth,  however,  does  reveal  a  slight  increase  with  depth,  with  much 
scatter,  especially  in  the  samples  from  Site  672A  (Figure  17).  As  shown  in  Figure  18,  the 
increase  in  grain  density  is  also  moderately  correlated  with  a  decrease  in  porosity.  Two 
possible  explanations  for  these  trends  are;  1.  Variation  in  grain  density  reflects  variable 
opaline  silica  contents,  with  high  biogenic  silica  concentrations  causing  increased  porosity. 
The  depth  trend  might  be  a  result  of  an  original  east-west  variability  in  silica  deposition 
and/or  preservation  from  site  to  site.  2.  Alternatively,  progressive  diagenetic  alteration 
of  the  sediments  with  depth  and  occlusion  of  porosity  by  the  growth  of  a  relatively  high 
density  authigenic  phase  (e.g.  pyrite  or  Mn-ricb  phases)  could  account  for  the  observed 
trends.  Further  work  is  necessary  to  resolve  this  question. 


The  depth  trends  of  Vp  are  shown  in  Figures  19  and  20.  There  are  relatively  few 
measurements  of  Vp„  and  there  is  much  scatter  in  the  Vp^  data,  but  general  trends  are 
still  evident.  For  Vp„  the  points  for  samples  from  deeper  than  about  250  m  define  a  lin¬ 
ear  gradient  of  about  0.66  km/s/km.  Above  250  m,  the  points  deviate  from  this  trend. 
This  deviation  is  easily  understood  for  samples  from  site  676A,  because  they  are  part  of 
a  repeated  sequence  emplaced  at  shallower  depths  by  thrust  faulting.  It  is  not  clear  why 
samples  from  Site  672A  deviate  from  the  linear  velocity  gradient.  The  measurements  of 
Vp,,  show  more  scatter,  but  a  linear  trend  (gradient  =  0.48  km/s/km)  is  still  apparent. 
Points  from  depths  less  than  about  200  m  deviate  from  the  trend  as  was  the  case  for  Vp,. 
These  velocity  gradients  are  somewhat  higher  than  those  measured  at  a  number  of  other 
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Vaii<tii()ii  ()l  poros,ity  with  burial  depth  Figure  17.  Variatlun  of  grain  density  with  depth 
to*  Miocene  claybCone  sampled  at  foui  for  Miocene  claystone  from  four  sites 
diilling  sites  of  ()I)P  l,eg  110.  of  ODP  Leg  110. 


'rend  with  depth  of  compress 
'eloclty  measured  in  the  hor: 
lirectlon  for  Miocene  claysc< 
our  different  sites  of  ODP  ] 


•sitM  jSchponih^’er  et  al.,  ,1987).  :Tectonic  factors -may. play,  a  role  iii  accelerating  lithifica- 
tiqnsproc^sra.jor  the  natural;_range.of  velocity  ..gradients  for- clay-rich  sedimenfe  may  be 
-greater  th^dndicated  mitially.'.byibuiir**^^*'^®*?  ?™^!'  (® 

It  is,  informative  to.^tend  the  depth  rarige  of  the  velocity  trends  by  including  stunples 
from  wells  on  Barbadqs  Island  in  the,  data  set;  .The  wejl  samples  are  Epcene,  not  Mipcene, 
in  .age,;but  their. cpihpositions  are,  sirm^-to.'thMe  of,  the  Miocene  claystones  of  Leg  110. 
Figufe!2Lshpws,the  tren^  .of  velocity,- to ,over.'3' kin. burial  depth.  The  measurements  of 
Vp,  appeari'tp, follow  theiveftical  Vpvigrs^ient  established  in  , the  upper  500  ni  of  section 
by  fhe.-Leg-4l6's^amples.  The  Vrh  data,  howeyef;- follow  a  steeper  gradient  reflecting  the 
development  of  anisotropy. 

These  preliminary  results  are  intriguing,  and  we  plan  continued  research  into  trends 
of  physical,  acoustic  and  diagenetlc  properties  associated  with  lithification  (see  proposed 
research  section). 


5.  Leg  93,  Site  603 


During  DSDP  Leg  93,  a  deep  continental  rise  site  (603)  was  drilled.  Last  year  we 
obtained  samples  from  this  site,  and  preliminary  acoustic  and  physical  properties  measure¬ 
ments  were  made  on  the  upper  830  m  of  the  site.  In  the  past  year,  the  bulk  mineralogy  of 
these  samples  was  determined  and  quantified  for  the  major  components;  total  clay,  quartz, 
feldspar,  calcite,  dolomite,  and  zeolites.  The  upper  400  m  of  section  are  calcareous  with 
variable  carbonate  contents  ranging  up  to  40%  (Figure  22).  Below  400  m,  carbonate  is 
present  only  in  a  few  isolated  layers,  and  the  mineralogy  is  dominated  by  clay  minerab 
(Figure  23).  Thb  change  in  lithology  results  in  a  slight  trend  of  increasing  Vp  with  de¬ 
creasing  carbonate  and  increasing  clay  content,  but  it  is  felt  that  this  trend  is  an  artifact  of 
the  depth  distribution  of  the  minerals,  and  does  not  reflect  a  lithologic  control  on  velocity. 


The  depth  trend  of  Vp,  especially  below  400  m,  based  on  our  acoustic  measurements, 
is  characterized  by  sharp  fluctuations  between  high  and  low  values  of  Vp  (Figure  24). 
These  alternations  in  Vp  do  not  appear  to  be  related  to  changes  in  abundance  of  any 
of  the  major  mineral  components.  There  is  a  crude  correlation  of  %  quartz  with  Vp 
(Figure  25),  but  it  is  not  felt  that  the  relationship  is  strong  enough  to  account  for  the 
Vp  fluctuations.  Haggerty  et  al.  il987|  reported  the  presence  of  a  few  isolated  silt  layers, 
thought  to  represent  the  turbidite  deposition,  below  700  m  at  this  site.  Above  700  ta, 
small  quantities  of  sand  and  silt  are  dispersed  throughout  the  section,  but  no  discrete  silt 
layers  were  detected.  These  sediments  are  thought  to  have  been  fed  to  the  site  as  muddy 
turbidites  from  the  continental  slope  and  then  redistributed  by  bottom  currents  Haggerty 
et  al.,  1987j.  Perhaps  gram-size  variations  (%  silt  and  %  sand)  or  variable  cementation  play 
important  roles  in  determining  the  velocities  of  these  sediments  While  the  samples  were 


being  prepared  for  X-ray  difraction,  qualitative  notes  were  kept  on  the  ease  of  cutting  and 
grinding  the  samples  from  the  bottom  100  m  of  the  hole.  The  samples  cut  with  difficulty 
correspond  to  velocity  highs.  More  work  is  obviously  necessary  to  identify  the  cause  of  the 
Vp  fluctuations. 

6.  The  following  manuscripts  reporting  the  resuits  of  our  research  are  in  press  or 
preparation: 

Hurley,  M.  and  M.H.  Manghnani,,  Modeling  of  compressional  wave  velocities  and  at¬ 
tenuation  in  carbonate  sediments,  1987,  submitted  to  J.  Acoust.  Soc.  Am. 

O’Brien,  D.,  M.  Manghnani,  and  J.  Schoonmaker,  Physical  and  mineralogical  proper¬ 
ties  of  DSDP  Leg  87,  Hole  584,  1987,  to  be  submitted. 

Manghnani,  M.H.,  D.C.  Kim,  D.  O’Brien,  R.H.  Wehk  and  F.T.  Mackenzie,  Physi¬ 
cal  and  acoustic  properties  of  marine  sediments:  Roles  of  pore  geometry  and  preferred 
orientation  in  anisotropic  behaviof,  in  preparation. 

Schoonmaker,  J.,  F.T.  Mackenzie,  M.  Manghnani,  and  J.  Urmos,  Compressional  velocity- 
depth  profiles:  The  influence  of  compaction  and  diagenesis,  submitted  to  Geology. 

Schoonmaker,  J.  and  F.T.  Mackenzie,  Progressive  trends  in  diagenetic,  acoustic,  and 
physical  properties  during  lithification  of  claystones  in  an  accretionary  prism  setting,  in 
preparation. 
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Microbedded  rocks  have  an  anisotropic  frequency-dependent  sound  speed  which  depends  on  the 
intrinsic  sound  speeds  of  the  individual, mioobeds  and  on  the  O'Doherty-Anste/ effect.  Fractured 
rocks  have  an  anisotropic  frequency-dependent,  sound  speed  which  depends  on  the  intrinsic  sound 
speed  of  the  unfractur^  rock,  the  frequency-dependent  phase  shift  that  occurs  during  reflection  or 
transmission  across  a  fracture,  and  the  inteifracture  O'Doherty-Anstey  effect.  These  effects  are 
ne^ected  by  the  quasistatic  methods  presently  used  to  generate  elastic  constants  Here  I  introduce  a 
new  method  for  generating  elastic  constants  that  contain  all  the  above  effects.  First,  a  statistical 
descriptiqn  of  the  rock  is  used  to  generate  a  sample  of  the  rock.  Then  an  exact  two-way  method  is  used 
to  propagate  just  a  few  plane  waves,  of  frequency/,  a  distance  of  several  wavelengths  from  the  source. 
If  an  equivalent  h'omogeneous'medium  exists  at  frequency/,  then  the  computed  motions  must  also 
satisfy  a  one-way  elastic  wave  equation  for  that  equivalent  medium.  This  one-way  wave  equation  is 
used  to  invert  for  the  elastic  coefficients.  When  no  equivalent  medium  exists,  perhaps  because/is  too 
large,  this  is  indicated  by  the  inversion.  Possible  applications  of  the  method  are  prediction  of  seismic 
sound  speeds  from  measurements  of  bed  thicknesses  in  cores:  analysis  of  laboratory  data  for  fracture 
constitutive  relations;  and  inversion  of  multioffset  vertical  seismic  profiling  data  for  elastic  coefficients 
comparable  with  those  predicted  from  cores. 


I.  Introduction 

Comparison  of  seismic  data  with  well  cores  shows  that 
seismic  waves  arc  not  strongly  scattered  by  hctcrogencnics 
that  are  much  smaller  than  a  wavelength  Rather,  the  net 
effect  of  such  heterogeneities  is  to  cause  the  medium  to 
behave  like  a  homogeneous  medium  with  altered  seismic 
sound  speeds  and  decreased  Q.  If  the  heterogeneities  or  their 
pattern  of  distribution  are  not  isotropic,  then  the  resulting 
apparent  medium  is  anisotropic.  This  paper  is  about  hetero> 
geneities,  either  fractures  or  microbeds,  which  are  planar 
and  parallel.  Sphencal  inclusions  and  other  low  aspect  ratio 
heterogeneities  are  not  treated. 

There  are  many  different  crack  theones  (see  Figure  I),  but 
for  seismology  applications,  such  theones  can  be  classified 
in  two  ways.  The  first  classification  is  crack  versus  fracture. 
Crack  theones  (e.g.,  Hudson.  1980, 1981;  Nishiiawa,  1982) 
consider  distributions  of  small,  on  the  scale  of  a  seismic 
wavelength,  unconnected,  possibly  subparallel  cracks, 
whereas  fracture  theones  (e.g..  Schoenberg.  1983;  Schoen' 
berg  and  Douma,  1988]  treat  systems  of  infinite  plane- 
parallel  cracks.  The  second  classification  is  static  versus 
dynamic.  Static  theones  (e.g.,  Budiansky  and  O’Connell. 
\916,Hoenig.  1919,  Schoenberg  and  Douma.  1988)  generate 
equivalent  elastic  constants  by  use  of  a  static  stress-strain 
relation,  whereas  dynamic  theories  (e.g.,  Hudson,  1980, 
1981)  generate  elastic  constants  by  inversion  of  an  integral 
equation  for  the  passage  of  finite  frequency  waves  through 
the  medium.  Dynamic  theories  give  estimates  of  Q,  whereas 
static  theones  do  not.  At  present,  there  is  no  dynamic  theory 
for  fracture  systems,  though  Schoenberg  (1980)  has  derived 
the  dynamic  response  of  a  single  fracture  using  his  displace¬ 
ment  discontinuity  fracture  model,  and  Pyrak^NoUe  et  al 
(1987)  have  shown  that  his  model  gives  a  good  fit  to 
measurements  of  reflected  and  transmitted  P  waves  nor¬ 
mally  incident  on  the  fracture 
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Microbedding  theories  could  also  be  classified  as  static 
versus  dynamic.  Static  theories  (c  g..  Backus,  1962)  use  a 
static  stress-strain  relation  to  generate  elastic  constants  for  a 
rock  consisting  of  infinite  plane-parallel  microbeds.  The 
static  microbed  theory  of  Schoenberg  and  Muir  (1989)  has 
the  advantage,  for  seismology  applications,  that  the  same 
mathematical  formalism  is  used  for  both  microbeds  and 
fractures.  At  present,  there  appear  to  be  no  dynamic  micro- 
bedding  theones  which  yield  elastic  coefficients,  although 
much  work  has  been  done  on  the  relation  between  micro¬ 
bedding  and  apparent  Q.  Menke  (1983a)  has  shown  how  to 
predict  the  apparent  attenuation  of  a  Goupillaud  medium,  at 
vertical  incidence,  from  the  root-mean-square  sound  speed 
fluctuation.  Menke  (1983h)  showed  that  P^SV  coupling  due 
to  microbeds  decreases  the  apparenv  Qp  more  than  the 
apparent  Qq  and  that  the  apparent  sound  speed  of  the  5^ 
wave  is  increased.  Menke  and  Dubendorff  i\9^5]  showed 
that  normal  incidence  transmission  data  could  be  inverted 
for  both  intnnsic  Q  and  scattenng  Q  if  intnnsic  attenuation  is 
mainly  due  to  shear.  Burridge  et  ai  (1988)  considered 
acoustic  propagation  in  a  Goupillaud  medium  and  derived  an 
integrodifferentia)  equation  governing  the  evolution  of  the 
seismic  pulse  as  it  propagates  through  the  medium.  Burridge 
and  Chang  (1989)  consider  P  wave  propagation  m  a  micro¬ 
layered  elastic  medium  and  denve  an  integrodifferentia! 
equation  governing  propagation  in  the  limit  as  interlayer 
reflection  coefficients  approach  zero,  but  they  do  not  con¬ 
sider  equivalent  media. 

Ilie  method  outlined  m  this  paper  can  be  used  to  generate 
dynamic  elastic  constants  for  both  microlayered  and  frac¬ 
tured  media.  It  thus  addresses  two  of  the  gaps  in  the 
literature  cited  above.  Section  2  gives  the  mam  ideas,  and 
subsequent  sections  give  the  theory  applicable  to  useful 
special  cases 

2.  Microbedded  Rocks 

There  are  many  situations  in  which  it  is  desirable  to 
generate  elastic  coeflicients  for  a  microbedded  rock.  For 
example,  suppose  that  we  have  a  sediment  core  5-10  m  long 
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Ftg.  I.  (a)  Static  crack  thcones:  the  macroscopic  stress  on  the  rock  is  partly  relieved  by  displacement  jumps  across 
crack  boundaries.  The  apparent  constitutive  relation  it  perfectly  clastic,  (h)  Static  fracture  iheones:  macroscopic  stress 
is  panly  relieved  by  displacement  jumps  across  future  boundaries  in  accordance  with  a  (static)  fracture  constitutive 
relation,  (c)  Dynamic  crack  theories:  a  plane  wave  passing  through  the  medium  is  composed  of  a  pnmary  wave  and 
secondary  waves  generated  b>  interaction  of  the  pnmary  wave  with  the  microcracks.  The  macroscopic  plane  wave 
decays  with  distance  because  of  backscatter.  (d)  Dynamic  fracture  theory:  plane  waves  passing  through  the  medium  are 
reflected  and  refracted  at  each  fracture.  Frequency-dependent  phase  shifts  are  induced  by  the  fractures  themselves, 
even  if  they  absorb  no  energy,  and  by  interbed  multiples. 


and  wc  wish  to  predict  the  effect  of  the  core  sediments  on 
seismic  waves  with  wavelengths  several  hundred  meters 
long.  Conceivably,  we  could  measure  the  thickness  and 
properties  of  each  microbed  in  the  core  (there  might  be 
several  thousand  of  these)  and  put  each  microbed  into  our 
seismic  model.  As  the  cost  of  seismic  modeling  is  linear  with 
the  number  of  beds,  this  will  be  expensive.  Also,  it  does  not 
addi  ess  the  question  of  how  to  model  sediments  beneath  the 
core,  sediments  quite  likely  to  be  seismically  similar  to  those 
in  the  core.  If  the  core  is  homogeneous  at  length  scale  A,  then 
much  time  could  be  saved  by  rinding  a  few  elastic  constants 
that  predict  its  behavior  for  seismic  waves  of  wavelen^  A. 

Logically,  the  method  consists  of  three  steps:  in  step  i  a 
sample  realization  of  the  microbedded  rock  is  generated 
from  the  statistics  of  the  microbedding;  in  step  2  a  few  plane 
waves  are  propagated  through  the  realization  using  ex^t 
two-way  wave  theory;  in  step  3  the  two-way  synthetic  data 
are  inverted  using  one-way  theory  for  eiastic  waves.  In 
practice,  it  may  be  numerically  efficient  to  combine  steps  1 
and  2  so  that  microbeds  can  be  discarded  as  soon  as  they  are 
used. 

A  sample  realization  of  the  microbedded  rock  can  be 
generated  in  many  different  ways.  Krumbein  and  Dacey 


(I969J,  Schwarzacher  (1972],  Godfrey  et  al  11980J,  and 
Vehebocr  (1981)  model  sedimentary  sequences  as  M  slate 
Markov  chains,  where  M  is  the  number  of  distinct  litholo¬ 
gies.  (A  Markov  chain  is  a  random  sequence  of  states  foi^ 
which  the  probability  of  being  in  a  certain  state  depends  only 
on  the  previous  state )  Of  course,  if  a  core  is  available,  then 
whatever  model  is  used  should  have  the  same  statistics  as 
the  core;  that  is,  the  core  must  be  a  likely  realization  of  the 
model. 

To  make  the  discussion  more  concrete,  consider  a  simple 
sand-shale  sequence.  Suppose  (hat  cores  or  other  rield 
observations  indicate  that  the  thickness  s  of  the  sand  beds 
has  the  exponential  distribution,  p{s)  =  i  exp(-s/l),  where 
I  is  the  mean  sand  thickness.  Similarly,  the  thickness  t  of  the 
shale  beds  has  the  distnbution  pit)  «  /”*  exp(-///).  where  / 
Is  the  mean  shale  thickness.  TTie  two  parameters  5  and  i  can 
be  inferred  by  measurement  on  a  core  or  outcrop.  To 
generate  a  realization  of  the  rock  m  the  computer,  we 
alternately  sample  from  the  (wo  thickness  distributions.  A 
standard  technique  for  sampling  from  an  arbitrary  distribu¬ 
tion  in  the  computer  is  to  map  the  computer-supplied  uni¬ 
form  random  number  generator  into  the  cumulative  probu 
bility  density  (cpd)  function  of  the  desired  distnbution.  The 
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Fig.  2.  A  realization  of  tne  microbedded  medium.  Receivers  are 
all  beneath  the  source  and  6,t  apart. 


cpd  function  of  the  exponential  distnbution  for  the  sand 
thickness  is  p<(s)  «  I  -  exp(-s/^). 

The  meth^  of  this  paper  requires  that  only  a  few  waves 
be  propagated  through  the  material,  so  if  a  core  were 
available,  one  might  wish  to  use  the  core  itself  as  the 
realization.  Howcvei ,  in  order  for  the  seismic  model  inferred 
from  the  core  to  be  generally  valid,  it  is  necessary  that 
virtually  all  realizations  give  the  same  seismic  response. 
Thus,  in  theory,  there  is  no  particular  virtue  in  using  the  core 
for  modeling;  its  only  use  is  to  estimate  the  statistics  of  the 
sedimentary  process.  In  practice,  one  cannot  know  exactly 
all  the  statistics  of  the  sedimentary  process:  so,  if  one  is 
fortunate  enough  to  have  a  long  enough  core,  then  using  that 
core  as  a  realization  is  a  tedious  but  sensible  thing  to  do. 

Having  gotten  a  realization  of  the  random  sedimentary 
sequence  and  knowing  the  sound  speeds  and  densities  of 
each  of  the  microbi'ds  in  t*  ^  sequence,  one  proceeds  to  step 
2.  As  shown  in  Figure  2  a  source  is  embedded  in  the 
realization,  and  exact  two-way  sc'smic  wave  theory  is  used 
to  calculate  the  resulting  motions  at  vanous  depths  beneath 
the  source.  The  synthetic  source  emits  only  one  monochro¬ 
matic  plane  wave  at  a  time  so  the  only  distances  that  matter 
arc  distances  normal  to  the  bedding  planes.  Each  receiver 
should  be  separated  from  us  neighbors  by  less  than  a  seismic 
wavelength.  The  source  must  generate  both  PSV  and  SH 
motions.  An  example  of  such  a  source  is  a  point  force  with 
equal  components  in  the  three  coordinate  directions  It  does 
not  matter  in  which  type  of  bed  the  source  is  located  because 
the  source  washes  out  of  the  inversion  Neither  does  it 
matter  in  which  type  of  bed  a  receiver  is  located,  because  the 
physical  variables  being  synthesized  are  all  continuous 
across  interfaces  and  the  beds  are  much  thinner  than  a 
wavelength.  Of  course,  for  frequencies  at  which  bed  thick¬ 
nesses  are  an  appreciable  fraction  of  a  wavelength  it  does 
matter  in  which  type  of  bed  a  receiver  is  located  At  such 


Fig.  3.  Synthesis  of  exact  two-way  plane  wave  data  in  the 
realization  of  the  microbedded  medium.  The  realization  is  made 
infinite  by  adding  beds  above  the  source  until  converges  and  by 
adding  beds  beneath  the  deepest  receiver  until  converges. 


frequencies  the  concept  of  an  equivalent  medium  begins  to 
lose  its  usefulness  This  matter  is  discussed  m  greater  detail 
in  section  7. 

The  propagation  step  can  be  earned  out  using  either 
Kennett'^  {1974,  I9S3)  method  or  the  global  matrix  method 
[Chin  et  al„  1984;  Schmidt  and  Jensen,  1984;  Schmidt  and 
Tango.  19861.  H  is  important  that  there  be  enough  microbeds 
both  above  the  source  and  below  the  deepest  receiver,  so 
that  the  realization  is  effectively  infinite.  With  the  Ker  <eu 
method  this  is  easily  achieved  by  generating  the  realization 
coeval  with  the  propagation.  As  shown  m  Figure  3,  beds  arc 
generated  upward  from  the  source  until  the  upward 
looking  reflection  coefficient  from  the  source,  converges  to  a 
limit.  This  limit  must  exist  because  the  motion  is  less 
affected  by  far  beds  than  by  near  beds.  Similarly,  beds  are 
added  beneath  the  deepest  receiver  until  the  downward 
looking  reflection  coefficient  from  the  receiver,  converges  to 
Its  limit.  Thus  beds  can  be  discarded  soon  after  being 
generated. 

Assume  that  each  microbed  is  azimuthally  isotropic  (A!), 
I.C.,  hexagonaliy  symmetnc  with  a  vertical  axis  of  symme¬ 
try,  Two-way  propagation  modeling  in  a  material  consisting 
of  homogeneous  A!  layers  can  be  made  very  rapid  by  use  of 
the  fonr.utas  of  Fryer  and  Frazer  (1987,  section  4.3).  One 
calculates  the  response  of  the  model  for  two  or  more  plane 
waves  at  a  single  frequency  /.  The  reason  at  least  two  plane 
waves  are  needed  will  become  clear  below 

Now  take  the  synthetic  data  calculated  using  an  exact 
two-way  method  for  the  microbedded  mediurn  and  invert  it 
using  one-way  wave  theory  for  a  homogeneous  medium.  A 
derivation  of  the  one-way  elastic  wave  equations  for  plane 
waves  IS  given  m  section  5  Here  it  is  necessary  to  know  only 
that  for  downward  PSV  propagation  of  plane  waves,  whose 
wave  fronts  are  parallel  to  the  y  axis,  the  wave  equation  is 

5.U  =  iw  H-  u  (I) 

in  which  u  =  {v  ,  Vjf  is  the  x  component  of  velocity, 

IS  the  zz  component  of  stress,  and  Hy  is  the  2  x  2  “Hamil¬ 
tonian"  matn>  whose  components  we  wish  to  recover  The 
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entries  of  Hv  are  functions  of  the  elastic  constants  and  the 
plane  wave  slowness  p, ,  Their  parametric  forms  are  given 
below.  Similariy,  for  downward  SH  propagation  the  govern* 
ing  one-way  wave  equation  is 

HffVy  (2) 

in  which  Vy  is  the  y  component  of  velocity  and  H/f  is  the 
"SH  Hamiltonian”  which  depends  on  the  elastic  constants 
andp^. 

Now  the  components  of  Hv  and  Hj^  are  recovered  numer¬ 
ically  from  the  synthetic  data  for  a  particular  plane  wave.  As 
shown  in  Figure  2,  the  motions  u  and  Vy  have  been  synthe¬ 
sized  at  a  3  “receiver”  depths  beneath  the  source. 
Receivers  are  separated  in  depth  by  At,  Let  the  synthesized 
value  of  Vy  at  depth  j  be  denoted  by  If  an  equivalent 
homogeneous  medium  exists,  then  the  synthetic  SH  data  at 
adjacent  depths  must  satisfy 

(v,)y+ 1 «  exp  {i<aAz  ////){v,)y  (3) 

Therefore  the  numerical  value  of  Hh  is  recovered  from  any 
two  adjacent  receivers  in  the  form 


and  one  can  expect  to  get  a  better  estimate  of  ///,  by 
averaging  over  all  A/  -  l  pairs  of  adjacent  receivers. 

For  the  PSV  system  denote  the  synthesized  value  of  u  at 
depth;  by  (u)y.  Now  form  two  2  x  (N  -  |)  data  matrices,  A 
and  B.  The  columns  of  A  are  (u)^,  •••,  (ujj;  and  the 
columns  of  B  are  (u)/;,,,  •  •  * ,  (u)|.  If  an  equivalent  homo¬ 
geneous  medium  exists,  then  these  two  matrices  of  synthetic 
data  must  be  related  by 

A  “exp  (j«  Az  Hv)B  (5) 

Accordingly,  one  can  recover  the  numerical  value  of  Hy  as 


realizations  is  the  error  in  Hv/ .  If  this  error  is  relatively  Ian  ' 
then  there  is  no  equivalent  homogeneous  medium: 

As  tensor  densities  have  been  found  in  equivalent  me< 
for  perfectly  periodic  fluid-fluid  media  [Schoenberg  and  Si 
19831  and  periodic  fluid-solid  media  [Schoenberg,  198^ 
they  can  also  be  expected  to  be  necessary  in  solid-so 
media.  For  an  AI  medium  the  density  tensor  must 
invanant  under  rotations  about  the  z  axis,  and  so  p 
diagO)„,  p„,  p„). 

Equations  (4)  and  (6)  arc  used  to  recover  the  numeric 
values  of  Hv  and  Hu  for  several  values  of  p,.  Hv  and  h 
arc  then  squared;  then  we  use  the  following  formulas  for  I 
and  HJi  to  extract  the  elastic  constants  of  the  equivale 
homogeneous  medium. 

H}i  =  I  +  JpI  f  =  PuC« 

{hI)u^C  +  DpI  C  =  p„C«' 

D  -  CijCjj'  -  Cu  (Cit  “  CijCjj 

wlht-’Cp,  c°cr,'(i  +  Ci)c;s') 

Wvhi ’’  Mpji-t-  Npl  A/ “  pii  +  pjiCijC)')' 

-  C|| 

(Hlhi  -S+TpI  5  »  psiCjV  T  -  CtjC,-,' 

0 

Least  squares  fitting  of  these  formulas  for  at  least  two  value 
of  p,  yields  the  quantities  /,  J.C.D,  C.  M,N,S,  and  T.  Th' 
elastic  coefficients  are  recovered  from  them  as  follows. 

C„  -  IV(f)  -  D"' 

Pit  -  -  CuC 


1 

Hv“r^ln(AB")  (6) 

in  which  B"  is  a  generalized  inverse  of  B.  The  matrix 
logarithm  here  is  just  E"'  diag(in  A,.  In  A,)  E.  where  E"' 
diag(A| ,  Aj)  E  is  any  diagonalization  of  B.  If  the  computer 
supplied  (-17.  jr)  branch  of  In  (  )  is  used,  then  receiveis 
must  be  separated  by  less  than  naif  a  seismic  wavelength, 
but  if  the  (0.  2jt)  branch  is  used,  then  receivers  can  be 
separated  by  nearly  a  full  seismic  wavelength.  Thus  the  (0. 
277)  branch  is  better.  Vertically  travelling  waves  (p,  =  0)  are 
most  prone  to  aliasing  because  the  effective  vertical  wave¬ 
length  of  each  wave  type  increases  with  p. 

It  can  be  seen  that  in  order  to  generate  the  data  matrices  A 
and  B,  only  three  receiver  depths  are  necessary.  Extra 
receiver  depths  add  precision  to  the  estimate  of  Hy,  and 
they  also  permit  an  estimate  of  the  error  in  Hv-  Forexample. 
suppose  SIX  receiver  depths  are  used.  Then  there  are  four 
three-receiver  groups  with  50%  overlap  and  two  three- 
receiver  groups  with  no  overlap  Consider  the  groups  with 
no  overlap  Propagation  within  a  group  is  affected  much 
more  by  beds  within  the  group  than  by  beds  outside  of  it.  As 
the  beds  within  a  group  have  no  currelation  with  those  in  a 
nonoverlapping  group,  each  group  sees  a  different  realiza¬ 
tion  of  the  medium  The  change  in  Hv  between  different 


Pjj  “  (Af-pii)?'' 

Cjj  “  (8 

C,j  ■=  C,.(CCj,  -  I)  =  C)j{Af  -  p„)p,-,'  =  Cj)(0  -  NCi,') 
C,|  --N  +  Cf,C,-,‘  -  C„(C„CjV  -D)  +  C[,Cj',' 

*=  -Cu  -  2C44J 


The  Cij  and  pi,  are  complex  quantities  which  depend  on  the 
Single  frequency  at  which  the  two-way  synthetic  data  were 
generated.  In  order  to  see  the  frequency  dependence  of  these 
quantities  we  must  generate  synthetic  data  at  a  number  of 
different  frequencies.  The  Q  of  each  C/j  is  usually  deflned  by 
the  relation  [O’Connell  and  Budtansky,  I978J 


"iH(Cy) 


(9) 


where  the  minus  sign  on  the  nght-hand  side  appears  because 
we  are  assuming  a  forward  Founcr  transform  9  *  /*»  at 
A  Q  deflned  in  this  way  may  not  be  immediately  useful 
because  it  cannot  be  directly  compared  with  a  Q  determined 
in  the  laboratory  from  physical  propagation  measurements. 
A  Q  defined  in  terms  of  sound  speed  may  be  more  useful. 
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For  example,  let  Q^y  be  the  Q  of  vertically  travelling 
corhpressional  waves  and  let  bJ  the  Q  of  vertically 
travelling  shear  waves.  Natural  dehnitions  of  these  quanti¬ 
ties  are 

91[(P33/Cj3)'^] 

<10) 

l_  3E(P44/C44)'^] 

TTie  modulus  Q  of  equation  (9)  will  be  numerically  equivalent 
to  a  sound  speed  Q  when  the  inuginary  part  of  density  is 
small,  compared  to  its  real  part,  and  Q  is  greater  than  about 
50. 

'Hiere  Is  a  way  of  improving  the  estimate  of  Hv  that 
not  yet  been  discussed.  In  the  course  of  generating  the 
two-way  synthetic  data  for  u  «  (u,,  and  Vy,  one  can 
also  generate  synthetic  data  for  w  «  (r„,  and  The 
downward  propagation  of  w  is  also  governed  by  equation  <1), 
and  the  downward  propagation  of  is  governed  by  equa¬ 
tion  (2).  Thus  these  synthetic  data  can  also  be  used  to 
determine  Hy  and  Hh  .  Estimates  of  Hu  from  Vy  data  and 
from  ty^  data  can  be  averaged,  but  for  it  is  probably 
better  to  combine  the  w  data  with  the  u  data  at  an  earlier 
stage.  The  simplest  way  to  do  this  is  to  augment  the  data 
matrices  K  and  B  with  columns  of  w  data:  the  matrix  A 
acquires  the  extra  columns  (w);v  *  *  •  * .  (w):,  while  the  matnx 
B  acquires  the  extra  columns  •  •  • ,  (w)j.  In  theory, 
these  extra  columns  carry  no  new  information,  but  numen* 
cally,  their  inclusion  Is  likely  to  improve  the  estimate  of  Hy. 
It  may  seem  strange  at  first  that  only  one  realization  of  a 
random  microbedding  or  fracturing  process  is  needed  in 
order  to  learn  everything  about  the  equivalent  medium.  One 
explanation  is  that  the  random  process  is  stationary.  Thus, 
to  the  extent  a  group  of  receivers  is  separated  from  another 
group,  the  (wo  groups  see  different  realizations.  Further¬ 
more,  both  groups  had  better  give  nearly  the  same  equiva¬ 
lent  medium  or  else  the  notion  of  an  equivalent  medium  t$ 
not  a  useful  one  at  that  frequency. 

3.  A  StNOLE  Fracture 

Before  treating  fracture  systems  we  denve  generally  valid 
reflection  and  transmission  coefficients  for  the  linear  slip 
fracture  model  of  Schoenberg  (1980J.  The  procedures  for 
'  treating  fracture  systems,  introduced  in  the  next  section,  are 
!  not  limited  to  this  model,  but  the  data  and  analysis  of 
PyrahNoUe  et  at.  ( 1987],  who  refer  to  it  as  the  displacement 
discontinuity  model,  indicate  that  it  works  very  well  for  P 
waves  normally  incident  on  a  natural  fracture  in  quartz 
monzonite.  The  single-fracture  reflection  coefficients  are 
needed  to  compute  exact  two-way  synthetic  seismograms 
for  a  fractured  solid  by  the  Kennett  [1983]  method. 

In  the  linear  slip  model  the  fracture  displacement  jump  As 
!  is  related  to  the  fracture  traction  t  and  the  symmetric  3x3 
I  fracture  compliance  matrix  q  through  (he  relation  As  ~  iit, 
I  For  a  fracture  parallel  to  the  xy  plane  we  wntc  this  m  terms 
*  of  components  as 


^  "nxx 
h  -  Vyx 


Vxy  Vxz  ^x 
Vyy  Vyz  h 


Notice  that  reversing  the  order  of  the  components  in  both 
As  and  t  causes  the  components  of  t)  to  be  transposed  across 
the  lower  left  to  upper  right  diagonal  If  a  fracture  of  Unite 
thickness  Az  is  filled  by  material  with  compliance  coefficients 
then  the  elastic  stress-strain  relation  for  the  infilling 
materia)  gives  directly 


Jl/Azl  p3j  ^34  ^35’|rT« 
Syl^Z  a  f}4^  T^y 

Sa/A  J  ^45 


Hiis  shows  that  a  horizontal  zero-thickness  fracture  is  just 
(he  limiting  case  of  a  fracture  with  thickness  Az,  whose 
infilling  materia)  has  compliance  coefficients  iju  given  by 


’?33  n3J 

ns5 


Vzz  ^yt  ^xi 
’Tyy  Vxy 
nxx 


For  a  vertical  fracture  parallel  to  the  yz  plane  ibe  correspon¬ 
dence  is 

'nil  ni5  ni6l  \  fn^  n«  Vxy' 

nss  *7-  (!■*) 

n66_  ^ 

In  some  papers  the  fracture  stiffness  matnx  k  is  used  instead 
of  the  compliance  matnx  q.  Then  t  n  rAs  and  k  is  j’ust  (he 
matrix  inverse  of  q.  The  relations  between  the  elastic 
stiffnesses  of  an  infilling  matenal  Cu  and  the  stiffness 
coefficients  of  (he  fracture  are  the  same  as  in  equations 
(13)-(14)  except  that  1/Az  is  replaced  by  Az. 

In  (he  next  section  we  consider  horizontal  orthorhombic 
fractures  whose  planes  of  symmetry  are  parallel  to  the 
coordinate  planes.  For  such  fractures,  t|  »  diagCqjt;^,  ^yy> 
When  an  isotropic  medium  is  fractured  with  or¬ 
thorhombic  fractures  the  resulting  medium  is  orthorhombic. 
When  an  AI  medium  is  fractured  by  honzontal  orthorhombic 
fractures,  the  resulting  medium  is  onhorhombic.  A  special 
case  of  the  orthorhombic  fracture  is  the  transversely  isotro¬ 
pic  (TI)  fracture.  For  a  horizontal  TI  fracture,  «=  rj^y. 
When  an  Al  medium  is  fractured  by  vertical  TI  fractures,  or 
by  vertical  orthorhombic  fractures  with  a  honzontal  symme¬ 
try  plane,  the  resulting  medium  is  orthorhombic. 

Now  we  derive  refiection  and  transmission  coefficients  for 
a  honzontal  fracture  between  two  solids.  The  solids  may 
have  any  anisotropy  and  may  be  different  from  each  other. 
The  fracture  may  have  any  complex  compliance  matrix  q 
The  first  order  system  for  plane  wave  propagation  in  the 
upper  and  lower  solids  may  be  wriFen  as 


in  which  V  *  fu,,  Uy,  is  velocity,  t  *=  (r,j,  Ty.,  r,J7  is 
honzontal  fraction,  A  is  a  diagonal  matnx,  and  D  has  the 
form 


„  fM"  M"' 
D  =  L“  N*' 


This  notation  implies  (hat  the  first  three  columns  of  D 
represent  upgoing  waves  and  the  last  three  columns  repre¬ 
sent  downgoing  waves.  No  special  normalization  of  the 
columns  is  assumed  here  nor  is  any  assumption  made  about 
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Hg  4  Reflection  and  transmission  at  a  fracture  between  dissim* 
liar  media. 


the  ordenng  of  wave  types  within  the  upgoing  and  downgo* 
mg  groups.  The  order  may  be  unknown,  and  it  may  be 
different  for  the  upper  and  lower  solids.  In  “  generally 
anisotropic  medium  it  is  sometimes  difficutt  tn  distinguish 
the  two  kinds  of  5  waves,  and  sometimes  it  is  even  difficult 
to  distinguish  f*  waves  from  S  waves,' but  if  there  is  any 
attenuation,  then  upgoing  and  downgoing  solutions  can 
always  be  distinguished  by  the  signs  of  the  imaginary  parts  of 
their  associated  eigenvalues. 

The  notation  for  the  3  x  3  matrices  of  reflection  and 
transmission  coefficients  is  shown  in  Figure  4.  For  example, 
is  the  dowr.waid  reflection  matrix  from  medium  1  to 
medium  2.  Imposition  of  the  fracture  boundary  conditions 
gives 

fM,*  Mflfl*'  R'2]  fMf  M/lfl  0  ] 

[Nf  Nj'Ko  I  N/J[r^'  T'jj 

-i-wl;""”  "» 

In  ihis  equation  the  first  row  imposes  the  condition  that  (he 
jump  in  velocity  across  the  fracture  be  given  by  -iwnt,  and 
the  second  row  imposes  the  condition  that  traction  be 
continuous  across  the  fracture.  The  first  column  imposes 
these  conditions  for  the  case  of  waves  incident  from  below 
(medium  2),  and  the  second  column  imposes  them  for  waves 
incident  from  above  (medium  1). 

Solving  for  the  downgoing  transmission  and  reflection 
matrices  yields 

T“  -  (Mf  -  ((-Mn  +  Mr(Nf)-']Nf)-‘ 

•(Mf-Mf(Nf)-'N;^  (18) 

and 

R'2  =  (Nf)-'(N2^T“-Nfj  (19) 

For  the  upgoing  reflection  and  transmission  coefficients  the 
results  are 

T*'  =  (Mf  -  [(-f<v)t|  +  Mf(Nj^)-']Nr)-' 

■  {Mf-Mf(N?)-'Nfl  (20) 

and 

R!i  =  (Nf)-i(Nj'T!'-Nf)  (21) 

For  a  horizontal  TI  fracture  between  two  AI  solids  these 

formulas  reduce  to  similar  2x2  matrix  formulas  for  ?5V, 
and  Similar  scalar  formulas  for  SH.  If  medium  1,  medium  2, 
and  the  fracture  have  infinite  Q,  then  all  quantitie^i  in 


equation  (17)  arc  real  except  for  i.  Thus  the  reflection  and 
transmission  coefficients  for  the  fracture  arc  always  complex 
and  frequency*dependcnt. 

4  Fractured  Rocks 

In  this  section  a  fracture  system  consisting  of  plane 
parallel  orthorhombic  fractures  is  embedded  in  an  azimuth' 
ally  isotropic  (AI)  background  rock.  The  background  rock 
may  have  been  generated  using  the  procedure  given  above 
for  microbedding.  The  case  of  horizontal  fractures  is  treated 
first,  then  the  case  of  vertical  fractures. 

For  honzontal  fractures  the  procedure  is  similar  to  the 
procedure  given  above  for  a  microbedded  sediment.  First, 
sample  from  the  statistical  distnbutions  for  the  fracture 
compliances,  and  for  the  interfracture  distance,  to  generate  a 
realization  of  the  fractured  medium.  For  example,  one  could 
use  the  same  compliance  matrix  i)  for  each  fracture  but 
assume  that  the  interfracture  distance  h  has  the  exponential 
distribution  pih)  ■  exp(-A/^).  Then  place  a  source  in 

the  realization  and  generate  synthetic  plane  wave  data  at 
depths  beneath  the  source. 

Generation  of  the  synthetic  two-way  data  can  be  carried 
out  by  the  Kenneit  (1983)  method  using  the  reflection  and 
transmission  coefficients  derived  in  the  last  section.  The 
formulas  for  D.  A,  etc.,  for  an  AI  medium  are  given  in 
section  4.3  of  Fryer  and  Frazer  (1987).  The  formulas  there 
are  for  isotropic  density,  but  the  modifications  needed  for  AI 
density  are  straightforward.  Use  of  an  AI  density  will  be 
appropriate  if  the  AI  medium  was  generated  from  microbeds 
by  the  procedures  of  the  last  section.  As  the  fractured 
medium  will  be  orthorhombic,  synthetic  data  are  needed  for 
at  least  two  values  of  x  slowness  px  and  two  values  of  y 
slowness  p^ .  For  example,  one  could  generate  synthetic  data 
for  the  four  plane  waves  with  slownesses  [(pj()|.  {Py)\]> 
Upi)i.  (P>)2).  KPi):.  fr  and  ((p,)^,  (py)^].  These 
synthetic  data  are  then  inverted  using  the  one-way  wave 
equation  for  vertical  propagation  in  an  orthorhombic  solid. 
This  pan  of  the  procedure  will  be  the  same  for  vertical 
fractures  as  for  horizontal  fractures.  Discussion  of  it  begins 
below,  at  the  paragraph  containing  equation  (25). 

For  vertical  fractures,  shown  in  Figure  Sd,  the  background 
AI  medium  is  first  rotated  by  90**  about  the  y  axis,  so  that  its 
axis  of  symmetry  is  parallel  to  the  x  axis.  Denoting  the 
elastic  stiffness  coefficients  of  the  original  AI  medium  by  C/j 
and  the  coefficients  of  the  rotated  medium  by  C//  we  have 
{Fryer  and  Frazer^  1987,  section  4.21 

1^11“  ^13  ^13  *<^^13 

<^35®^il  (22) 

^44  “  ^66  ^55  “  ^44  <^"66  **  ^44 

with  all  other  Cu  being  equal  to  zero.  These  relations  are 
obtained  from  the  stress-strain  relation  for  an  AI  medium 
(c.g  ,  Fryer  and  Frazer^  1987,  equation  4.5)  by  transposing 
each  3x3  submatrix  of  the  6  x  6  matrix  {C/j)  about  its  lowei 
left,  upper  right  diagonal  the  effect  is  to  interchange  indicei 

1  and  3,  to  interchange  indices  4  and  6.  and  to  leave  indice' 

2  and  5  unchanged.  The  derivation  of  equations  (22)  als( 
uses  the  fact  that  the  unrotated  medium  is  AI,  so  that  man) 
of  the  Cij  are  the  same 

If  the  Ai  medium  was  generated  using  the  procedure  giver 
in  section  2,  then  it  will  have  tensor  density  which  must  alsc 
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Fig.  5.  Vertical  fractures  in  an  A(  background:  <o)  original  inlerfracture  rock,  {b)  rotated  inlerfraciure  rock;  (c) 
rotated  fractured  rock;  (</)  final  rock.  The  exact  two*way  synthetic  data  are  generated  for  rock  (Figure  Sc)  and  inverted 
to  find  an  equivalent  medium.  The  equivalent  medium  for  rock  (figure  Sc)  is  rotated  to  give  the  equivalent  medium  for 
lock  (Figure  5d). 


.  (Pr)iJi 
I.  These 
jy  wave 
*  c  solid, 
vertical 
It  begins 


be  rotated.  Denoting  the  density  components  of  the  unro* 
tated  AI  medium  by  and  the  density  components  of  the 
rotated  AI  medium  by  pa,  we  have 


kground 

0  that  its 
ting  the 
mby  Cij 
we  have  j 


■  Pzi  Pyy  *  Pxx  Piz  “  f^x: 


(23) 


The  fractures  must  also  be  rotated  before  insertion  into  the 
interfracture  material.  Denoting  the  compliance  components 
of  the  unrotated  fractures  by  17^  and  the  compliance  compo^ 
nents  of  the  rotated  fractures  by  rjn,  we  have 


Vxx  **  Viz  Vyy  *"  Vyy  Vzz  *  Vxx 


(24) 


(22) 


lions  arc 
medium 
nsposing 
its  lower 
'c  indices 
t  indices 
(22)  also 
hat  many 


As  with  horizontal  fractures,  (he  next  step  is  to  generate  a 
[realization  of  the  fracture  process.  For  example,  one  could 
'assume  rjyy,  and  to  be  constant  and  generate  the 
fracture  spacings  by  sampling  from  a  distnbution  pih) «  ^ 
\cxp(^h//i).  One  coi  Id  also  assume  statistics  for  the  17^  and 
sample  from  ioair  d  siributions. 

Now  that  th^  fiuc’ures  are  honzontal  (he  synthetic  (wo* 
way  data  fo'  the  realization  of  (he  fractured  rotated  medium 
are  computed  by  the  Kcnneti  (19S3]  method  using  the 
fracture  reflection  and  transmission  coefficients  derived  in 
the  last  section.  Formulas  foi  D,  A,  etc.,  in  a  hexagonal 
[medium  with  a  horizontal  symmetry  am  are  given  in  section 
.2  of  Fryer  and  Frazer  [1987].  These  formulas  are  for 
iotropic  density  but  the  modiflcations  needed  for  tensor 

can 


^ensity  are  straightforward.  Generation  of  D,  A,  etc. 
urc&ven|]5Q  earned  out  using  the  more  general,  but  possibly 
must  also  slower  procedures  of  Frazer  and  Fryer  [1989]. 


Next  we  invert  the  synthetic  two-way  data  using  one-way 
wave  theory.  This  step  is  the  same  for  honzontal  fractures  as 
for  (the  originally)  vertical  fractures.  The  one-way  plane 
wave  equation  for  downward  propagation  in  an  orthorhom¬ 
bic  medium  with  symmetry  planes  parallel  to  the  coordinate 
planes  is 


d;U»iw  Hu 


(25) 


in  which  H  is  the  3  x  3  “Hamiltonian"  matrix  whose  entries 
depend  on  the  values  of  the  Q/  •  Px  and  p,;  a  *»  (v, ,  r,j , 
v,I^  where  v,  and  Vy  arc  the  x  and  y  components  of 
velocity;  and  is  the  zz  component  of  stress.  The  one-way 
equation  for  w  »  [t^j  ,  Uj ,  j  ^  is  the  same.  The  procedure 
for  recovery  of  P  is  similar  to  that  for  Hy  given  earlier.  For 
each  plane  wave  one  forms  the  data  matrices  A  and  B.  The 
matrix  A  has  columns  (u)^?,  •  •  • .  (u)2 ,  (w)a/,  *  •  • ,  (w)2 ;  ana 
the  matrix  B  has  columns  (u)/^.|.  •  •  • ,  (u)|,  (w)Af_i,  •  ♦  • , 
(w)|.  The  Hamiltonian  matnx  H  is  recovered  numencally  for 
each  plane  wave  as 

I  fAB" 

H*  — In  h—  (26) 

Kiiaz  I  2 


in  which  B~  1$  a  generalized  inverse  of  B,  Az  is  the  receiver 
depth  spacing,  and  <u  1$  the  radian  frequency  at  which  the 
plane  wave  data  were  generated 
The  formulas  for  the  components  of  H^  in  an  orthorhom¬ 
bic  medium  are 
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(H^)„  =  C  +  Dpl  +  Bp}  (27o) 

m  which  C  =  Pil^5S**  ^  ~  ~^66^35*t  ^  “  ^13^33* 

”  Ql'(Cu  -  CijCji)-, 

(//2),j  =  Cp,  (27i) 

in  which  G  =  C3’5'(l  +  C|3C35‘); 

^H^h^•‘Fp,P,  (27c) 

in  which  F  “  C23C^'  -  C33*(C«  +  Cji  —  Ci3C23C£'): 

(H^hi  =  MP.  +  Npl  +  Op,p*  (27<0 

in  which  M  =  pu  +  P33C13C35',  Af  =  CiiCfy  -  Cn,  and 
O  “  (^ijCjsCsV  -  2Cm  -  C12; 


For  horizontal  fractures  wc  are  now  done.  In  the  case  of 
fractures  which  were  originally  vertical  the  fractured  me-, 
dtum  must  now  be  rotated  back  into  its  onginal  orientation. 
This  reverses  the  rotation  performed  earlier.  Denoting  the 
coefficients  of  the  vertically  fractured  medium  by  Ci/  we 
have 

<^12-023 

^22“C22  ^23“Ct2  ^'33 Cn  (29) 

Cu  =  C66  ^5'  “  (^55  *^66  “  ^44 

with  all  other  Cu  equal  to  zero.  Density  must  also  be  rotated 
back.  The  density  components  of  the  vertically  fractured 
rock  are  given  by 


I 


</f^h°S+Tp^  +  [/p^  (27c) 


P»»  “  P33  Pry  =  Pn  Pi!  “  Pii  (30) 


in  which  S  «  PnCjj'-  T  “  CyyCn',  and  U  =  CyjCfy; 

iH^)a~Pp,  +  Qp}  +  Fpip,  (27/) 

in  which  P  -  pn  +  PnCjiCy^,  Q  «  C23C33'  -  C22.  and 
R  =  C|3C23C35' -2C64  ~  (^12; 


These  are  the  elastic  coefficients  and  densities  of  a  rock 
whose  interfracture  material  is  AI  (with  elastic  coefficients 
du  densities  and  whose  fractures  are  parallel  to  the 
yt  plane  with  fracture  compliance  matrix  diag(T;,_, ,  •qyy ,  »?„). 


It 


(W“)3i  “  HP.P,  (27«) 


5.  One-Way  Wave  Equations 
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r 
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in  which  H  —  C13C33*  “  C«*(0^66  4-  C12  —  ^I3C23C33*)» 

(ff“)3:-ip,  (27A) 

in  which  L  »  +  CiiCu')t  and 

W%‘I  +  JpI  +  KpI  (27/) 

in  which  /  "  piiCu',  J  “  -C«Cii',  and  K  “  €},€»' 
-  C«*(C22  ~  C23Cj5’). 

The  derivalion  of  these  expressions  is  given  in  section  5. 
Note  tha!  for  an  orthoihombic  medium,  p  must  be  of  the 
fonn  diag(p^j ,  py^ .  p„)  with  all  other  components  of  p  equal 
to  zero.  This  is  the  most  genera!  second-order  tensor  that  is 
invariant  under  inversion  of  each  coordinate  axis.  Numerical 
values  of  the  coefficients  C,  O,  ■  ■  ■ ,  7.  and  K  are  recovered 
from  the  numerical  value  of  using  least  squares  and  four 
or  more  plane  waves,  Then  the  numerical  values  of  the  pj 
and  the  Cu  in  the  equivalent  medium  are  obtained  by  the 
relations 

Cj3  =  N(D-r)-'  c„  =  e(f(-(7)'’ 

Pii  -  C)sC  pyy »  C«/ 

P33  ■=  (M  -  pii)r  * '  =  (p  -  P22)(/"' 

C}}“P3)S~'  Cu= -CtiJ  = -CtsE 
C\>  “  (733T“  (M  -  P||)C33P3'5' 

(28) 

(^23  “  (^33  (7  =  (P  -  pxKupit 


C„--A/  +  Cf,C3-,' 

C22  “  -C>  h  ClCii' 

C|2  “  ”Csi(F-  C23C35')  -  C«  +  C13C23C33' 


*  ~Cu{H  -  C|3C3-|’)-C6A+C|3C23C3V 


In  this  section  the  one-way  elastic  wave  equations  used 
above  arc  derived.  For  an  clastic  medium  the  lincanzed 
momentum  equation  is 

-a>^0«W;»d;Ty+//  (31)  ' 

in  which  u  is  temporal  radian  frequency,  uj  is  displacement, 
is  stress,  and/,  is  the  body  force  per  unit  volume.  Here  we 
are  anticipating  a  medium  with  microstructurc  by  letting  the 
inertial  mass  density  be  a  symmetric  tensor  instead  of  the  St 

usual  scalai.  The  lineanzed  constitutive  relation  is  S} 

r,j^C(judtUi  (32) 


in  which  ic^u)  is  the  fourth-order  clastic  stiffness  tensor. 

Both  the  constitutive  relation  and  the  momentum  equation 
are  frequency  domain  relations,  so  that,  in  general,  all  terms 
m  'lach  equation  are  complex  and  w-dependen*  For  an 
orthorhombic  medium  with  symmetry  planes  parallel  iw  the 
coordinate  planes  these  equations  can  be  rearranged  as 
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in 'which  stands  for  d/Bj,  and  the  components  of  the 
first-order  system  matrix  on  the  right-hand  side  are 
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With  some  obvious  changes  in  notation  we  rewrite  equa* 
tion  (33)  as 


(35) 


Note  that  this  equation  is  valid  even  when  and 
depend  on  jr,  yt  and  z.  All  we  have  assumed  is  that  iV. 
medium  is  orthorhombic  with  symmetry  planes  parallel  to 
the  coordmate  planes.  Each  component  of  i^is  the  negated 
operator  transpose  of  the  corresponding  component  of 
For  example,  the  12*componcnt  of  yif  is  -CsV^tATi  - 
and  the  21*component  of  ^is 
We  now  assume  that  snd  are  independent  of  2.  so  (hat 

upgoing  and  downgoing  waves  are  decoupled.  Tlien  the 
second-order  operators  in  equation  (36)  can  be  factored  into 
the  product  of  two  first-order  operators,  one  of  which 
annihilates  upgoing  waves  and  the  other  of  which  annihilates 
downgoing  waves.  Outside  the  source  region  the  motion  is 
governed  by 
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BOREHOLE 

Muitioffset  VS?  geometry.  Each  surface  source  is  re¬ 
corded  by  at  least  three  borehole  geophones. 


Applying  to  both  sides  of  the  above  equation  and 
substituting  for  in  the  result,  yields  the  second-order 
system 


^2f«1  0  Ifu 

■  “W  rt  1,2 

*  w  0  H*  w 


(37) 


iwith  similar  relations  for  w*  and  m*'.  Here  u  *  and  w*  are 
iwaves  travelling  In  the  -fa  direction  (downward)  direction 
(33)  'and  3f  =  (-X2)‘". 

^  Operators  like  9f  are  not  veiy  familiar  objects  in  seismol- 
'ogy.  A  useful  (and  correct)  way  to  think  of  VC  is  to  imagine 
that  each  operator  com;x)nent  of  VCX  has  been  discretized  as 
inN  X  N  matrix.  Then  VC£  is  just  a  SN'  x  3N  matrix  whose 


square  root  can  be  calculated  by  well  known  numerical 
methods.  The  main  difference  between  the  square  root  of  a 
scalar  and  the  square  root  of  an  ^  x  AT  matrix  is  that  the 
former  has  2-2^  branches,  whereas  the  latter  has  2^ 
branches.  In  the  forward  modeling  of  seismic  waves  it  is 
necessary  to  construct  VC  from  assumed  density  and  elastic 
profiles.  Con.struction  of  VC  from  synthetic  data,  as  m  this 
paper,  is  a  much  simpler  problem. 

In  a  homogeneous  medium,  Fourier  transformation  of  the 
above  equations  replaces  d,  by  ,  and  dy  by  iky .  Then  it  is 
convenient  to  replace  the  displacements  and  u,,  in  the 
definitions  of  H  and  by  the  velocities  and  '•ititUi  * 
respectively.  With  the  Fourier  transformation  and  the 
change  from  displacements  to  velocities  the  variables  of  this 
section  become  the  variables  introduced  above  in  section  4. 
Thus  a  becomes  u,  )v  becomes  w,  and  both  VC£  and  i£V(  turn 
into  where  the  components  of  are  given  by 

equations  (27).  Equation  (36)  becomes 

" 

where  the  components  of  K  and  L  are  obtained  from  (34). 
Factorization  of  (38)  gives  the  one-way  plane  wave  equation 
(25).  In  an  A1  medium,  H  is  block  diagonal,  and  the  full 
one-way  equation  (25)  decouples  into  the  one-way  PSy 
relation  (1)  and  the  one-way  SH  relation  (2). 

6.  Cores  and  Vertical  Seismic  Profiles 

One  of  the  goals  of  the  microbcddin^  theory  of  section  2  is 
to  resolve  the  discrepancy  between  sound  speeds  inferred 
from  velocity  logs,  or  cores,  and  those  Inferred  from  seismic 
data.  The  path  to  this  goal  is  necessarily  indirect:  bed 
thicknesses  from  cores  are  used  to  make  synthetic  two-wave 
data;  these  data  are  inverted  for  an  equivalent  medium; 
seismic  sound  speeds  of  the  equivalent  medium  are  com¬ 
pared  with  sound  speeds  Inferred  from  seismic  data.  How¬ 
ever,  there  is  one  situation  in  which  a  more  direct  compar¬ 
ison  is  possible. 

Consider  the  multioffset  vertical  seismic  profile  (VSF) 
geometry  shown  in  Figure  6.  For  each  source,  upgoing  and 
downgoing  waves  are  easily  separated  by  filtering  in  the  6>-k, 
domain.  Then  for  each  receiver  the  upgomg  and  downgoing 
waves  can  be  Fourier  transformed  into  the  domain.  If 
the  sediments  are  AI,  then  for  each  the  downgoing  wave 
data  at  successive  depths  are  related  by  the  one-way  SH 
equation  (2)  and  the  one-way  PSy  equation  (1).  Equations 
(6)>(8)  can  therefore  be  used  to  recover  the  medium  trom  the 
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VSP  data.  A  minor  problem  occurs  because  the  recorded 
PSV  data  consist  not  of  and  but  of  u,  and  Vj  To  gel 
from  Vx  and  Uj,  assume  initial  values  of  Ca  and  Cjj- 
Thcn  use  the  stress  strain  relation 

Tm  ^  “T“  (Cii3xV^  +  C33  3ti»i)  (39) 

—i<a 

Here  is  given  by  itap^Vf^  imd  is  obtained  as 
where  is  Fourier  transformation  along  (he 
borehole.  Then  use  equations  (6H8)  to  get  improved  esti* 
mates  of  Cn  and  Cj}.  Hien  update  using  (39).  A  few 
Iterations  of  this  procedure  must  recover  density  and  C;/ 
from  the  VSP  data.  In  the  absence  of  noise,  these  ought  to  be 
the  same  as  the  densities  and  generated  from  core 
bed'lhickness  data. 


7.  Discussion  and  Conclusions 

Data  analyses  using  the  theory  will  be  presented  in  future 
papers.  Such  analyses  should  answer  such  interesting  ques* 
tions  as  whether  tensor  frequency*dependent  density  is 
really  required  for  modelling  micro^dded  or  fractured  ma* 
terials  or  whether  real  scalar  density  is  a  good  enough 
approximation.  Other  issues  can  only  be  addressed  by 
extensive  numencal  testing.  For  example,  results  obtained 
using  the  method  of  this  paper  must  tend,  as  frequency 
approaches  zero,  to  the  static  results  of  Schoenb<rg  and 
Douma  (198$).  One  would  like  to  Itnow,  for  typical  sedi« 
ments.  the  frequencies  below  which  a  static  approximation  is 
acceptable. 

The  mam  disadvantage  of  the  theory  above  is  that  the 
microbeds  and  fractures  are  assumed  to  be  planar  and 
parallel.  For  many  rocks  this  is  a  poor  approximation. 
Another  disadvantage  is  that  u  can  only  be  utilized  with  the 
aid  of  a  computer.  Computer  programs  based  on  the  theory 
may  provide  physical  insights,  but  the  theory  itself  provides 
no  insight.  This  is  due.  at  least  in  part,  to  the  completeness 
of  the  physics.  For  example,  all  interbed  and  interfracture 
multiples  are  included  in  (he  generation  of  the  synthetic 
two-way  data.  If  a  more  approximate  two-way  theory  were 
used,  say  one  which  incotporatedjust  a  few  multiples,  then 
it  might  be  possible  to  invert  analytically  for  the  equivalent 
medium.  1  have  not  allempted  to  do  (his,  partly  because  any 
results  obtained  using  such  an  approach  will  generally  re¬ 
quire  checking  by  the  full  method  given  above. 

In  regard  to  fractures,  one  of  (he  advantages  of  the  method 
of  this  paper  is  that  it  is  not  tied  to  any  particular  fracture 
model  Although  reflection  and  transmission  coeflUcients 
were  denved  above  for  the  displacement  discontinuity 
model,  these  need  not  be  used,  instead,  fractures  can  be 
modeled  as  sequences  of  layers,  with  high  strength  matena! 
for  the  outer  layers  and  weak  material  for  the  inner  layers. 

A  limitation  of  the  theory,  in  its  present  state,  is  that  it 
does  not  allow  one  to  generate  a  medium  equivalent  to 
nonparallel  sets  of  vertical  fractures  An  AI  background  rock 
so  fractured  is  monoclimc  with  a  hon^omal  plane  of  sym¬ 
metry.  However,  m  the  method  of  this  paper,  in  order  to 
incorporate  the  second  set  of  fractures  the  equivalent  me¬ 
dium  containing  the  flrst  set  must  be  rotated  so  that  the 
second  set  will  be  honzontal  when  inserted.  Hius  neither  the 
background  medium,  containing  only  the  first  set,  nor  the 
resulting  equivalent  medium,  containing  both  sets,  has  a 


honzontal  plane  of  symmetry  Exact  two-way  modeling  for 
such  a  background  is  straightforward  [Mallick  and  Frazer, 

1990),  but  so  far  I  have  not  denved  one-way  wave  equations 
for  a  matenal  without  a  horizontal  plane  of  symmetry. 

In  the  multioiTset  VSP  application,  if  a  grid  of  surface 
sources  is  recorded  instead  of  a  line,  then  one  can  invert  for 
an  orthorhombic  material  using  equations  (26)->(28).  The 
VSP  data  must  first  be  rotated  (e  g.,  Alford  et  al.,  1986)  so 
that  (he  symmetry  planes  of  the  medium  are  parallel  to  the 
coordinate  planes.  This  does  not  require  much  knowledge  of 
the  medium;  it  is  only  necessary  to  assume  that  the  medium 
is  orthorhombic  with  one  of  its  symmetry  planes  parallel  to 
(he xy  plane.  Also,  for  muUioffset  VSP.  there  is  no  limitation 
to  a  single  set  of  vertical  fractures.  If  the  data  area  is  known 
to  have  nonparallei  sets  of  vertical  fractures  in  an  AI 
background,  then  it  can  be  inverted  using  one-way  theory  for  , 
a  monoclinic  medium  with  a  horizontal  plane  of  symmetry. 

Hie  appropriate  one-way  equation  is  straightforward  to 
denvc  by  the  method  of  section  5  because  a  honzontal  plane 
of  symmetry  always  gives  a  first-order  system  like  (33)  with  ^ 
blocks  of  zeros  on  its  diagonal.  ^ 

Earlier  the  remark  was  made  (hat  as  bed  thicknesses  (or  (f, 
interfracture  distances)  approach  a  significant  fraction  of  a  ro 
seismic  wavelength,  the  concept  of  an  equivalent  medium 
begins  to  lose  its  usefulness.  Physically,  what  happens  is  that 
(he  displacement  function  appears  to  be  discontinuous  on 
(he  scale  of  a  wavelength.  In  a  fractured  medium,  for 
example,  the  displacements  are  always  discontinuous  across 
fractures,  but  if  there  are  enough  fractures  within  a  seismic  Alf< 

wavelength,  then  the  magnitude  of  each  jump  is  relatively  D 
small  compared  to  the  total  displacement.  If  there  are  few  £ 
fractures  within  a  wavelength  and  the  fracture  compliance  is 
low  compared  to  the  interfracture  rock,  then  the  displace- 
ment  jump  across  a  fracture  will  be  quite  noticeable.  The 
situation  is  similar  for  a  microbedded  sediment  with  the  role  fium 
of  (he  fracture  being  played  by  (he  most  compliant  type  of  pro 
microbed.  The  tractions  t,,.  and  t„  arc  always  much 
smoother  than  displacements,  as  can  be  seen  by  considering 
(he  lineanzed  momentum  equation  (31).  If  density  is  con-  }9;^ 
sum  in  (31).  then  continuity  of  displacement  at  an  interface  Chm.  t 
implies  that  even  the  spatial  derivatives  of  stress  must  be  in  « 
smooth  across  that  interface. 

Even  when  frequency  is  so  large  that  an  equivalent 
medium  becomes  a  dubious  concept,  we  may  still  wish  to 
find  an  equivalent  medium.  The  best  way  to  do  this  would  be  Fryer.  ( 
(o  take  advantage  of  (he  smoothness  of  the  stresses  and  to  tropic 
invert  for  the  equivalent  medium  using  a  one-way  equation  ^  systen 
for  the  stresses  alone.  I  have  not  been  able  to  derive  such  a  Godfrey 
one-way  equation.  However,  there  are  three  ways  in  which  ^ 
the  procedures  above  can  be  modified  to  approach  this  goal  Soti% 
The  first  and  simplest  way  is  to  generate  synthetic  data  at  a  Udson, 
lai^c  number  of  receivers  so  that  the  number  of  columns  in  Cambn 
the  data  matrices  A  and  B  becomes  very  large  A  second  way  iudson, 
IS  to  smooth  the  synthetic  displacements  over  some  fraction 
of  a  wavelength  before  forming  A  and  B  This  requires  the 
generation  of  synthetic  data  al  many  more  receiver  depths 
A  third  way  is  to  take  advantage  of  (he  smoothness  of  the 
tractions  and  to  synthesize  a  smoothed  displacement  from 
these  tractions,  putting  this  displacement  into  A  and  B  This 
must  be  done  iteratively  as  displacement  and  stress  are 
related  by  density,  and  the  density  of  the  equivalent  medium 
IS  not  known  To  simplify  matters,  consider  only  PSV 
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propagation  and  suppose  that  scalar  density  is  a  good 
approximation  for  the  equivalent  medium  Let  p,  be  a  first 
guess  at  this  density,  and  let  and  be  the  tractions 
synthesized  by  the  two-way  method.  Then  from  the  momen¬ 
tum  equation  (31)  we  estimate  the  a  displacement  of  the 
equivalent  medium  in  the  form 


-I 

p,u 


; 


(40) 


In  this  relation,  3,  t„  is  given  by  iup,  ■. „ ,  and  3,  t„  will  be 
obtained  by  differencing.  The  matnees  A  and  B  are  now 
constructed  from  «„  and  and  processed  in  the  usual  way 
to  generate  a  temporary  equivalent  medium  with  a  better 
estimate  for  p,.  Iterating  in  this  fashion,  until  p,  converges, 
will  give  the  best  equivalent  medium. 
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Computation  of  Synthetic  Seismograms  for  Stratified  Azimuthaliy  Anisotropic 

Media 

SUBHASHIS  MALLICK  AND  L,  NEIL  FrAZER 


Hawaii  Insiiiute  of  Geophysics,  University  of  Hawaii,  Honolulu 

We  outline  a  method  of  computing  synthetic  seismograms  for  stratified,  azimuthaliy  anisotropic, 
viscoelastic  earth  models.  This  method  Is  an  extended  form  of  the  Kennett  algorithm  that  is  efficient 
for  multioffset  vertical  seismic  profiling.  .The  model  consists  of  a  stack  of  homogeneous  plane  layers, 
and  the  response  is  computed  iteratively  by  successive  inclusion  of  deeper  layers.  In  each  layer,  the 
6x6  system  matrix  A  is  diagonalized  numerically;  this  permits  tr^tment  of  triclinic  materi^s.  i  e., 
those  vrith  the  lowest  possible  lymmetry.  Jacobi  Iteration  Is  an  efficient  way  to  diagonalize  A  because 
the  entres  of  A  change  little  from  one  wavenumber  to  the  next.  When  the  material  properties  are 
frequency  dependent,  the  wavenuml^r  (oops  arc  Inside  the  frequency  loop,  and  the  computation  is 
slow  even  on  a'sui^rcomputer.  When  the  material  parameters  are  frequency  independent,  it  is  better 
to  make  frequency  the  deepest  loop,  with  disigonalization.of  A  outside  the  loop,  in  which  case 
vectorization  ^ves  a  relatively  rapid  computation.  Temporal  wraparound  is  avoided  by  making  use  of 
complex  frequencies,  and  spatial  aliasing  is  avoided  by  using  a  generalized  Filon’s  method  to  evaluate 
both  the  wavenumber  integrals.  Various  methods  of  generating  anisotropic  elastic  constants  from 
microlayers,  cracks,  and  fractures  and  jmnts  are  discussed.  Example  computations  are  given  for 
azimuthaliy  isotropic  and  azinuthally  anisotre^c  (AA)  eanh  models.  Comparison  of  computations 
using  sickle  and  double  wavenumber  integrations  for  a  realistic  AA  model  shows  that  single  wave* 
number  integration  often  pves  incorrect  answers  especially  at  near  offsets.  Errors  due  to  use  of  a 
single  wavenumber  Integration  are  explained  beuristi^ly  by  use  of  wave  front  diagrams  for  point  and 
line  sources. 


iNTROOUCTtON 

Until  recently,  most  seismic  data  have  been  analyzed  and 
interpreted  assuming  wave  propagation  through  an  isotropic 
earth.  This  assumption  was  adequate  for  explaining  most 
features  of  seismograms.  But  with  the  increased  use  of  three 
component  seismometers  and  large  arrays,  seismic  signal  to 
noise  ratios  have  improved  to  the  point  where  anisotropic 
effects  are  often  seen  in  data,  especially  shear  wave  data. 
Hence  there  is  a  growing  awareness  that  the  assumption  of 
isotropy  is  often  incorrect  and  that  we  must  develop  the 
means  to  analyze  and  interpret  data  on  the  basis  of  more 
general  anisotropic  earth  models. 

Anisotropy  has  been  widely  detected  in  the  crust  and  in 
the  upper  mantle  (c.g„  Fuchs,  1977;  Stephen,  1981;  Ander¬ 
son  and Dzeiwonski,  1982;  Shimamura,  1984;  Anderson  and 
Regan,  1983;  Johnston,  1986;  Becker  and  Perelberg,  1986; 
Lynn  and  Thomsen,  1986;  Alford,  1986;  Willis  et  ai,  1986; 
Majeret  ai,  1988},  and  laboratory  measurements  imply  that 
it  is  common  in  both  crystalline  and  sedimentary  rocks 
[Bachman,  \919i  Christensen  and  Salisbury,  \979',  Babuska, 
1981;  Rai  and  Hanson,  1986).  Anisotropic  behavior  of  earth 
materials  may  be  inherent;  that  is,  it  may  be  due  to  the 
anisotropy  of  the  crystals  from  which  a  rock  is  formed,  or  it 
may  be  induced  by  thin  layenng,  by  fractures,  or  by  cracks. 
Crampih  et  al.  (1984)  review  the  many  different  causes  of 
anisotropy.  Thomsen  (1988)  reviewed  the  effects  of  azt* 
muthal  anisotropy  on  surface  seismic  reflection  data. 
Though  anisotropy  has  been  detected  and  its  presence  is 
now  thought  to  be  widespread,  there  have  been  very  few 
available  data  of  the  type  needed  to  compute  realistic 
anisotropic  models.  Recently,  Christensen  (1984)  has  esti- 
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mated  the  magnitude  of  upper  mantle  anisotropy,  based  on 
laboratory  measurements.  Calculations  of  equivalent  elastic 
moduli  for  an  isotropic  medium  containing  cracks  have  been 
given  by  Hudson  (1981)  and  Nishizawa  (1982).  Calculations 
of  the  equivalent  transversely  isotropic  elastic  moduli  for  a 
medium  composed  of  thin  periodic  isotropic  layers  were 
given  by  Schoenberg  (1983)  Schoenberg  and  Pouma  (1988) 
extended  the  procedure  of  Schoenberg  (1983)  to  obtain  the 
equivalent  elastic  moduli  for  a  medium  composed  of  thin, 
periodic,  arbitrarily  anisotropic  layers  with  sets  of  oriented 
cracks.  Their  procedure  can  handle  multiple  intersecting 
crack  systems,  and  they  relate  their  crack  model  to  the  crack 
models  of  Hudson  (1981)  and  Nishizawa  (1982), 

As  realistic  values  for  anisotropy  within  the  Earth  become 
available,  there  is  now  a  growing  need  to  be  able  to  compute 
accurate  synthetic  seismograms  for  a  stratified  anisotropic 
medium.  Seismic  modeling  capability  for  azimuthaliy  aniso* 
tropic  (AA)  media  has  been  relatively  slow  to  develop  both 
because  of  the  complexity  of  the  mathematics  and  because 
of  a  lack  of  the  necessary  computer  power.  The  mathematics 
of  surface  wave  propagation  m  stratified  AA  media  were 
treated  by  Crampin  (1970)  and  Smith  and  Dahlen  (1973)  and 
were  extended  to  include  body  waves  by  Keith  and  Crampin 
(1977a,  b].  The  first  synthetics  were  the  simple  plane  wave 
seismograms  of  Keith  and  Crampin  (1977c).  Booth  and 
Crampin  (1983a,  b]  constructed  synthetics  for  point  sources 
using  a  single  wavenumber  integration.  This  gives  exact 
solutions  for  azimuthal  isotropy  (Al).  and  approximate  so¬ 
lutions  for  azimuthal  anisotropy,  good  only  when  the  azi¬ 
muthal  anisotropy  is  very  weak  Fryer  and  Frazer  (1984) 
desenbed  an  exact  method  for  computing  the  synthetic 
seismograms  for  a  stratified  anisotropic  medium,  using  Ken¬ 
neths  (1974,  1983)  imbedding  algorithm  Subsequently, 
Fryer  and  Frazer  (1987)  gave  analytical  expressions  for  the 
eigenvectors  and  eigenvalues  of  the  system  mainx  A  (de- 
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‘fin^  below)  for  media  with  a  horizontal  plane  of  symmetry 
ThuSi  for-example,  the  expressions  of  Fryer  end  Frazer 
[1987]  can  be  used  to  calculate  synthetics  seismograms  fora 
layered  modeh  with  multiple  intersecting  sets  of  vertical 
fractures,  but  they  cannot  be  used  to  treat  a  model  with  even 
a  single  set  of  dipping  fractures.  To  overcoihe  this  restric¬ 
tion,  Frazer  and-  Fryer  [1989]  developed  two  numerical 
methods  of  di^onalizing.A  in  the  general  triclinic  case. 
Their  results  were,  used  by  Van  der  Hfjden  (1987)  in  his 
extension  of  the  Ct^iard>de  Hoop  method  [de  Hoopt  1^] 
to  anisotropic  models,'  but  the  Cagniard-^e  Hoop  methi^  is 
inadequate  for  multilayered  earth  models  when  a  complete 
response  is  needed.  Gtzjewski  and  PSeniik  (1987J  used  ray 
theory  to  compute  high-frequency  synthetic  seismi^rams  in 
laterally  inhomogeneous  anisotropic  media.  Chapman  and 
Shearer  [1988]  showed  that  ray  theory  is  difficult  in  AA 
media  because  of  the  coupling  between  diTerent  types  of 
shear  waves.  Tayhr  [1987]  has  shown  how  to  choose  an 
optima'  contour  for  the  single  wavenumber  integral  compu¬ 
tation  of  synthetics  in  AA  media  by  the  reflectivity  m^od. 

This  paper  describes  how  the  numerical  techniques  of 
Frazer  and  F/yer  [1989]  for  diagonalizing  A  are  incorporated 
into  the  vertical  seismic  proflling  (VSP)-efficient  Kennett 
algorithm  of  Mallick  and  Frazer  [1988]  to  give  a  method  for 
the  computation  of  synthetic  seismograms  in  stratified  media 
with  arbitrary  anisotropy. 

Basic  Theory 

Here  we  briefly  review  the  theory  of  wave  propagation  in 
a  stratifled  anisotropic  medium  and  show  how  synthetic 
seismograms  can  be  computed.  We  work  in  a  Cartesian 
coordinate  system  x,  y,  z  (orxj ,  xj.xj)  with  the  z  (or xj) axis 
pointing  vertically  downward. 

As  we  work  in  Cartesian  coordinates,  we  identify  the 
displacement  vector  u  with  the  column  vector  {«„ 

We  use  t  to  denote  the  scaled  vertical  traction  vector 
07w)(r„,  Tyj,  T„J^  in  which  and  are  components 

of  the  stress  tensor  t. 

The  constitutive  relation  is 


ru^Cijkieu  (1) 

This  equation  relates  the  components  of  the  stress  tensor 
to  the  components  of  the  strain  tensor  su  through  the 
components  of  the  fourth-order  elastic  tensor  llie 
clastic  tensor  c  has  (he  symmetnes  (due  to  (he  symmetry  of 
(he  stress  and  strain  tensors), 

Cijkl  *  Cjdl  *» 

Thus,  of  the  81  components  of  the  elastic  tensor,  only  36  are 
distinct.  The  six  independent  components  of  the  stress 
tensor  can  be  related  to  the  six  independent  components  of 
(he  strain  tensor  through  these  36  components  by  a  (6  x  6) 
matrix  C: 


^  Cxxxx  (^xxyy  ^xxiz  ^xxyz  ^xxxz  Cxxxy\ 

^yyxx  ^yyyy  ^yyzz  ^yyyt  ^yyxz  ^yyxy  \ 

^uxx  ^zoy  ^zzxz  ^zzxy  1 

^yzxx  ^yzyy  ^yzzz  ^yzyz  ^yzxz  ^yzxy  I 

,  ^xzxx  ^xzyy  ^xzzz  ^xzyz  ^xzxz  ^xzxy  / 


*'xzzz  '-xzyz  ''xzxz  ^xz 
^xyzz  ^xyyz  ^xyx.  ^xy 


®  **  i^XSt  Cyy,  Pfi,  2£yi,  2exZf  ^^Xy)^ 

Then,  assuming  the  existence  of  a  strain  energy  function,  it 
can  be  shown  that  «  cuy  (e.g.,  Aki  and  Richards,  1980, 
pp.  20-23J.  This  means  that  the  (6  x  6)  matrix  C  in  equation 
(2)  is  symmetric  and  there  are  only  21  independent  elastic 
constants  in  the  most  general  anisotropic  medium,  satisfying 
equation  (1). 

Besides  the  constitutive  relation,  we  need  the  momentum 
equation 

pU  ■*  V  •  T  +  f 


(3) 

where  (denotes  the  external  body  force  per  unit  volume. 

We  now  apply  a  tnple  Fourier  transform  to  our  variables. 
For  any  function  g  we  define 


k(ks,  ky,  z,  w) » 


^(x,  y,  z,  r) 


•  exp  (i{wf  -  kjX  -  /r^y))  dx  dy  dt 


g(x,  y,  z,  /)  •  I/(8ff 


-/// 


kikx^  ky,  Z,  w) 


•  exp  [i{kxX  +  kyy  -  w/))  dkx  dky  d<a 

in  which  all  integrations  are  from  -» to  ».  For  calculations, 
It  IS  more  convenient  to  work  with  the  slowness  components 
Px  •  kj<a  and  py  «  kylta  rather  than  the  wave  vector 
components  kj  and  ky. 

In  the  transformed  domain,  it  can  be  shown  [e.g..  Wood’ 
house,  1974]  that  the  constitutive  relation  (1)  and  (he  mo¬ 
mentum  equation  (3)  may  be  wntten  together  in  the  form 

a^b^iwA-b  +  F  (4a) 

in  which  dj  is  d/dz, 

(4b) 

F  *  w  -’(o.  0,  0.  ifx,  ify,  if^Y  (4c) 

and  A  IS  a  (6  X  6)  matnx  whose  elements  are  functions  of  the 
elastic  coefficient  matnx  C.  frequency  ca>  sIownessespx>P>'» 
and  the  oensity  p.  This  matnx  has  (he  form 


where 


^  “  ('^xx,  ^yy*  ^yz,  ^xy) 
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where  T,  B;  S  are  all  (3  x  3)  matrices,  S  and  B  being 
symmetric.  If  it  hap^ns  that  the  medium  has  infinite  Q  and 
that  and  pj  are  real,'  then  A  will  be  leal. 

Let  D  denote  the  local  eigenvector  matnx  of  the  matrix  A 
Thus  each  column  of  D  is  an  eigenvector  of  A  and 

AD  «  DA  (5) 

where  A  **  diag  (Aj,  A2,  A3,  A4,  A5,  A4)  is  the  matrix  of 
eigenvalues.  The  wave  vector  v  is  then  defined  by 

v»D"’b  (Q 

where  b  is  the  vector  of  physical  variables  in  equation  (4)  and 
D"*  is  the  inverse  of  the  eigenvector  matrix  D.  The  compo¬ 
nents  of  the  wave  vector  can  be  regarded  as  the  amplitudes 
of  the  six  plane  waves  which  propagate  independently  in  any 
homogeneous  region.  The  eigenvalues,  Aj  •  •  •  A^,  are  (he 
vertical  components  of  the  wave  vectors  associated  with 
these  plane  waves.  The  columns  of  D  are  ordered  so  that  the 
three  upgoing  solutions  come  hrst,  followed  by  the  three 
downgoing  wave  solutions.  This  ordering  is  necessary  for 
the  Kennett  algorithm  where  reflection  and  transmission 
coeffleients  are  calculated.  It  is  not  necessary  to  know  which 
columns  are  P  and  which  are  5.  Columns  corresponding  to 
upgoing  waves  are  easily  distinguished  from  those  of  down¬ 
going  waves  by  the  signs  of  the  ima^ftary  parts  of  their 
associated  eigenvalues. 

All  plane  layer  algorithms  for  synthetic  seismograms  make 
use  of  the  quantities  introduced  above.  The  particular 
method  used  to  compute  the  examples  of  this  paper  is  the 
Kennett  (invariant  Imbedding)  algorithm  discussed  by  Fryer 
and  rrazir  (1984)  and  extended  to  the  VSP  case  by  Mallick 
and  Frazer  {1988].  Essentially,  this  algorithm  computes  the 
response  for  a  slack  of  homogeneous  plane  layers  iteratively 
by  successive  inclusion  of  deeper  and  deeper  layers.  For 
each  layer  we  obtain  the  eigenvalues  and  (he  eigenvectors  of 
the  elastic  system  matrix  A  by  diagonalizing  A  numerically. 
This  permits  the  treatment  of  triclinic  materials,  i.e.,  those 
with  the  lowest  possible  symmetry.  A  is  a  function  of  C.  p, 
and  the  slownesses  p,  ^nd  p,.  Since  the  entries  of  A  change 
little  from  one  p,  iorpy)  to  the  next.  Jacobi  iteration  [Golub 
and  Van  Leant  1983,  pp.  295*-30li  is  an  efficient  way  to 
diagonalize  A.  Before  diagonalizing  A  it  is  convenient  to 
symmetrize  A  [Frazer  and  Fryer,  1989)  by  means  of  the 
similanty  transformation 

A'*S"‘AS  (7) 

in  which 


and  4  Is  the  3  X  3  identity  matnx.  Then  A  can  be  diagonalized 
using  the  algorithm  of  Eberlein  [1971]  for  complex  symmet¬ 
ric  matrices  In  practice,  rather  than  symmetrizing  A  at  each 
step,  we  work  with  the  transformed  flrst-order  system 

ajb'  =  itaA'b'  +  S"'F  (9) 

The  new  vector  of  physical  variables  b'  =  S'^b  is  continu¬ 
ous  at  an  interface  between  two  solids,  so  reflection  and 
transmission  coefficients  can  be  calculated  just  as  with  the 
ongmal  unsymmetnzed  system.  It  1$  only  necessary  to  go 
back  to  (he  original  system  via  the  relation 


D  =  SD'  (10) 

at  source  and  receiver  depths.  Here  D'  is  the  matnx  of 
eigenvectors  of  A'.  One  of  the  advantages  of  working  in  the 
symmetnzed  system  is  that  the  columns  of  D'  arc  orthogonal 
in  the  Euclidean  inner  product,  whereas  the  columns  of  D 
are  K  orthogonal  for 

K.(; ;) 

I  being  a  3  x  3  identity,  matrix.  This  means  (see  Frazer  and 
Fryer  ( 1989)  for  the  details)  that  the  inverse  D  of  D  is  given 
by 

D"'  =  D’'K  (12) 

whereas  the  inverse  (D')"*  of  D’  is  given  by 

(D')-'-(D')''  (13) 

in  whieh  superscript  T  denotes  the  usual  matnx  transpose. 

When  the  elastic  tensor  is  frequency  dependent,  the  p, 
and  py  loops  must  be  inside  the  frequency  loop.  Then,  A 
must  be  diagonalized  for  each  P/,  p,,  and  a.  However,  if  the 
elastie  tensor  is  frequeney  independent  then  the  oi  loop  can 
be  made  the  deepest  loop,  with  diagonahzation  of  A  outside 
that  loop.  Therefore,  even  on  a  nonvector  computer,  fre¬ 
quency  independent  models  are  much  more  rapidly  com¬ 
puted  than  frequency  dependent  models.  On  vector  comput¬ 
ers  that  difference  in  speed  is  magnified  because  the  code  for 
diagonalization  of  A  contains  numerous  branches  and  is 
therefore  difficult  to  vectorize  over  p,  and  p,. 

To  avoid  lime  aliasing  (wraparound),  we  use  complex 
frequencies  following  the  procedure  outlined  by  Mallick  and 
Frazer  (1987),  and  to  avoid  spatial  aliasing,  we  use  the 
trapezoidal  Filon  method  [frozer,  1977;  Frazer  and  Gel- 
trust,  1984)  to  evaluate  the  integrals  over  p,  and  p,.  Our 
slowness  contours  arc  straight  lines  at  small  angles  to  the 
Re  (p.)  and  Rc(p,)  axes.  With  the  slowness  loops  outside 
the  frequency  loop  the  same  two  slowness  contours  are  used 
for  all  frequencies.  If  u  has  a  constant  imaginary  part  (to 
avoid  wraparound),  then  each  frequency  has  slightly  dif¬ 
ferent  contours  in  the  complex  k,  and  t,  planes.  At  low 
frequencies,  where  the  real  part  of  oi  is  small,  the  k,  and  ky 
contours  will  be  far  from  the  real  k,  and  ky  axes,  respec¬ 
tively,  and  numerical  problems  can  result.  Good  results  can 
be  obtained  by  choosing  the  angle  of  the  Py  contour  to  the 
Re(p,)  axis  so  that  k,  is  real  on  that  contour  for  w  in  the 
middle  of  its  band.  However,  if  the  frequency  band  is  wide 
then  Im(w)  should  be  kept  small;  that  is,  one  should  not 
attempt  to  attenuate  wrapped  around  energy  by  more  than  a 
factor  of  10.  Band  limiting  of  wavenumber  and  frequency 
integral  transforms  was  done  with  Hanning  windows  (see 
Mallick  and  Frazer  (1987)  for  details).  For  an  AA  medium, 
we  first  compute  the  reflectivity  function  in  (p„p,,  w)  space 
and  then  use  a  tnple  Fourier  transform  to  obtain  the  time 
domain  synthetics.  However,  when  the  medium  is  azimuth- 
ally  isotropic  (AI),  the  reflectivity  function  depends  only  on 
radial  slowness p,  =  (p,^  +  p^)*'^  and  on  frequency  cv  Then 
the  transform  from  (p„  w)  space  to  (r,  u)  space  is  earned 
out  by  the  familiar  Bessel  transform,  and  the  time  domain 
synthetics  are  obtained  using  a  Founer  transform. 

Generation  of  Elastic  Constants 

When  we  think  of  anisotropic  earth  models  we  do  not 
usually  think  in  terms  of  21  elastic  constants  More  often  we 
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think  m  terms  ofanisotropy  due  to  fractures, or  joints  or 
anisotropy  due  to  sequences  of  thin  layers,  such  as  sand  and 
shale..Thus  it  is  convenient  to  have  some  method  of  gener¬ 
ating  equivalent  constants  for  fractured  media,  thin-Iayered 
media;  and  fractured  thin-layered  media.  This  convenience 
becomes  a  necessity  wheh  it  is  recalled  that  the  main  use  of 
synthetic  seismograms  is  to  model  effects  seen  in  data,  and 
from  this  modeling  to  infer  the  values  of  meaningful  Earth 
parameters.  For  example,  if  the  goal  of  modeling  is  to  infer 
the  direction  of  fractures  in  a  certain  area,  then  it  is  neces¬ 
sary  to  specify  fracture  direction  and  fracture  compliance  as 
input  parameters,  rather  than  elastic  constants. 

There  are  a  number  of  current  theories  for  generating 
equivalent  elastic  constants  fbr  fractured  media,  and  new 
theories  are  being  developed.  Researchers  dismayed  at  the 
though!  of  having  to  become  experts  in  this  area  simply  to 
find  which  way  the  fractures  are  pointing  can. take  comfort 
from  two  observations;  First,  there  is  some  evidence  that  at 
least  two  very  different  theories  give  practically  identical 
results.  Second,  our  experience  has  been  that  at  least  one  of 
these  theones  is  straightforward  to  understand  and  to  apply. 
Finally,  for  the  case  of  weak  anisotropy  Thomsen  (1986) 
showed  that  only  three  parameters  are  necessary  to  charac¬ 
terize  the  anisotropy,  and  he  tabulated  measured  values  of 
these  parameters  for  46  sedimentary  rocks. 

In  Hudson's  (1980. 1981)  theory  for  generating  (he  elastic 
coefficients  of  a  cracked  rock,  the  cracks  are  assumed  to  be 
small  m  the  sense  (hat  va^  «  (» where  u  is  the  number  of 
cracks  per  unit  volume  and  a  is  the  mean  radius  of  the 
cracks.  Furthermore,  the  radii  and  separation  distances  of 
the  cracks  are  assumed  to  be  small  compared  to  a  wave¬ 
length.  and  the  interaction  between  cracks  is  assumed  to  be 
small.  Using  a  second-order  scattering  theory  of  KeiUr 
(1964),  Hudson  (1980)  derives  an  integral  equation  for  the 
mean  field  in  such  a  cracked  medium.  When  this  mean  field 
1$  taken  to  be  a  plane  wave  the  resulting  integral  equation 
can  be  manipulated  into  the  form  of  an  elastodynamic 
equation  for  an  equivalent  medium  whose  elastic  constants 
are  given  in  terms  of  the  crack  parameters  and  (he  clastic 
constants  of  the  onginal  uncracked  medium.  The  effect  of 
(he  cracks  is  to  perturb  the  elastic  tensor  c.  Hudson  (1981) 
has  also  derived  frequency  dependent  expressions  for  the 
anisotropic  variation  of  dissipation,  and  Crampin  (1984)  has 
recast  these  expressions  into  the  imaginary  components  of 
the  elastic  tensor  c.  More  recently.  Hudson  has  extended  ht$ 
method  to  the  case  of  multiple  sets  of  cracks  aligned  in 
different  directions  [Hudson,  1986)  and  to  the  case  of  par¬ 
tially  saturated  cracks  [Hudson,  1988).  For  cracks,  the 
advantage  of  the  Hudson  theory  over  the  Schoenberg  the¬ 
ory,  discussed  below,  is  that  the  Hudson  theory  is  dynamic; 
that  is.  it  gives  the  frequency  dependence  and  imaginary  part 
of  the  perturbed  elastic  tensor. 

Niskizawa  [1982]  has  attempted  to  overcome  the  limita¬ 
tion  of  low  crack  density  by  an  iterative  approach.  New 
elastic  constants  are  calculated  for  a  medium  with  a  very  low 
crack  density.  The  resulting  equivalent  medium  is  then 
cracked  with  a  very  low  crack  density,  and  so  forth  until  the 
desired  crack  density  is  reached.  So  far,  Nishizawa's  (1982) 
approach  has  been  applied  only  to  cracks  of  circular  cross 
section  in  an  isotropic  material.  It  t$  not  yet  known  whether 
this  approach  correctly  models  crack-crack  interactions, 
however,  Schoenberg  and  Douma  (19881  have  shown  that 
the  Nishizawa  model  agrees  with  the  Hudson  microcrack 


model  and  with  the  joint  model  (discussed  betow)  for  micro- 
cracks  with -aspect  ratios  as  large  as  0  3  In  (his  context 
“agreement  between  models”  means  that  different  crack 
parameters  in  different  models  can  be  chosen  so  that  the 
resulting  elastic  tensor  components  agree  to  within  a  few 
percentage  points. 

Schoenberg  and  Douma  (1988)  show  how  to  generate  the 
elastic  tensor  for  a  homogenous  medium  containing  frac¬ 
tures,  i.e.,  parallel  “microcracks”  of  infinite  aspect  ratio. 
The  maten^  between  the  fractures  can  have  any  anisotropy 
In  Schoenberg's  (1980)  linear  slip  model  of  fracturing,  trac¬ 
tion  is  ^ntihuous  across  a  fracture,  but  displacement  is 
discontinuous  there  with  a  jump  proportional  to  the  traction. 
In  the  quasi-static  approximation  to  such  fractures  (he 
components  of  stress  normal  to  the  fractures,  and  the 
components  of  strain  tangent  to  the  fractures,  are  assumed 
to  be  constant  over  a  wavelength.  Other  components  are 
replaced  by  their  average  values.  However,  propagation 
through  rock  containing  linear  slip  fractures  is  inherently 
dispersive  because  of  the  reflection  and  transmission  that 
occur  at  each  fracture,  and  this  effect  is  not  modeled  by  the 
Schoenberg  and  Douma  (1988]  procedure.  Schoenberg 
(19^.  1983)  has  derived  exact  reflection  coefficients  for  the 
interface  between  a  fractured  medium  and  an  unfractured 
medium,  and  Pyrak^Nolte  et  at.  {1987)  have  shown  that  the 
cquiv^ent  dynamic  modulus  for  comprcssional  wave  prop¬ 
agation  norma!  to  a  sing'e  fracture  gives  good  agreement  with 
experimental  results  at  high  frequencies.  Schoenberg  and 


HORIZONTALS  VERTICALS 


Same  as  Figures  la  and  1^.  bui  foi  the  iransversely  isotropic 
model  shovin  in  Table  2 
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““'’i'?  T*"  of  displacement  for  a  source  polanralion  in  the  x  direction. 

vSS  r‘1*/!!s'  5- W>'  <'>■  »"<•  </)  Same  as  Figures  2a.2b.  and  2c  but  for  a  source  in  the 

y  direction,  (g),  (h),  and  (/)  same  as  Figures  2o,  2b,  and  2c  but  for  a  source  in  the  z  direction 


Douma  (1988)  find  that  flat  microctacks  in  an  isotropic  back¬ 
ground  material  can  be  modeled  equally  well  by  the  Hudson 
(1981)  theory  and  by  their  quasi-static  approximation. 

One  of  the  advantages  of  the  Schoenberg  and  Douma 
(1988)  quasi-static  treatment  is  that  the  method  of  calculating 
of  equivalent  elastic  constants  for  a  thin  layered  medium  is 
the  same  as  that  for  a  fractured  medium.  Recently.  Schoen¬ 
berg  and  Muir  (1989)  have  shown  how  the  constituents  of  a 
thin  layered  composite  map  to  elements  of  a  commutative 
group;  adding  the  group  elements  of  the  constituents  gives 
the  group  clement  corresponding  to  the  composite.  Sei .  of 
parallel  fractures  are  also  represented  as  group  elements  so 
that  fracturing  a  rock  corresponds  to  the  addition  of  Ihc 
group  element  for  the  rock  and  the  group  element  for  the 
fractures  This  group  formulation  of  anisotropy  has  some 
practical  features  For  example.  Hood  and  Schoenberg 
(1988)  have  used  it  to  show  how  an  orthorhombic  oceanic 
crust  has  a  unique  resolution  into  vertical  fractures  and 
horizontal  fractures. 


Frazer  (1990)  has  outlined  how  frequeney  dependent  elas¬ 
tic  moduli  might  be  obtained  both  for  fractures  systems  and 
for  roierolayering  by  the  use  of  two-way  and  one-way  elastic 
wave  equations.  Exact  two-way  methods  of  synthetic  data 
generation  arc  applied  to  a  medium  consisting  of  many  thin 
layers,  or  fractures,  then  the  resulting  synthetic  data  are 
inverted  using  the  one-way  equations  for  propagation  in  the 
equivalent  homogeneous  medium.  Frazer  (1990)  also  gives 
exact  expressions  for  the  reflection  and  transmission  coeffi¬ 
cients  at  a  linear  slip  fracture  between  different  media  of 
arbitrary  anisotropy. 

At  the  present  time,  generation  of  equivalent  elastic  con¬ 
stants  for  fractured  or  thin  layered  media  can  be  summanzed 
as  follows  (1)  The  Schoenberg  quasi-static  approach  is  easy 
to  use.  provides  a  uniform  treatment  of  fractured  and  thin 
layered  media,  and,  in  Ihc  case  of  cracks,  gives  substantially 
the  same  results  as  the  Hudson  microcrack  theory,  however, 
(2)  the  quasi-static  approach  does  not  give  the  anisotropic 
frequency  dependent  dissipation  that  comes  out  of  the 
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TABLE  1.  Parameters  of  the  Isotropic  Mode!  Used  to  Compute  the  Synthetics  Shown  in  Figures 
la  and  lb 


Density  p,  TTuckness  h. 

Layer  Elastic  Ccwfficient  Matrix  c,  lO’N/m^  kg/m*  Q  m 
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Hudson  microcrack  theory;  and  ^3)  theories  exist  for  gcner» 
ating  exact  frequency  dependent  moduli  for  systems  of  iincar 
slip  fractures  and  for  microlayers,  but  these  theories  have 
not  been  sufficiently  tested  to  warrant  routine  use  in  seismic 
modeling  codes.  For  modeling  the  weak  anisotropies  seen  in 
most  earth  materials,  quasi«static  approximations  appear  to 
be  adequate. 

Examples 

The  first  set  of  examples,  shown  in  Figure  1,  is  a  cornpar* 
ison  of  isotropic  and  transversely  isotropic  models.  The 
second  set  of  examples,  shown  in  Figure  2,  is  for  comparison 
with  Van  der  Hijden's  (1987]  results  from  the  Cagniard>de 
Hoop  method.  Later  examples  illustrate  the  use  of  our 


method  in  computing  synthetic  seismograms  for  realistic  AA 
earth  models. 

The  model  used  to  compute  Figures  lo  and  16  consists  of 
three  isotropic  layers  described  in  Table  1.  The  source  time 
function  was  an  impulse,  band  limited  by  a  frequency 
domain  Hanning  window  with  a  minimum  frequency  of  10 
Hz  and  a  maximum  frequency  of  60  Hz.  A  constant  Q  of  500 
was  used  for  each  elastic  modulus. 

The  model  used  to  compute  Figures  Ic  and  Id  is  desenbed 
in  Table  2.  It  also  has  three  layers.  Layers  1  and  3  have  the 
same  elastic  properties  as  the  isotropic  model  of  Table  1,  but 
layer  2  has  been  replaced  by  a  weakly  transversely  isotropic 
medium.  The  transverse  isotropy  of  layer  2  was  assumed  to 
be  due  to  penodic  stratification  of  two  isotropic  materials 


TABLE  2.  Parameters  of  the  Transversely  Isotropic  Model  Used  to  Compute  the  Synthetics 
Shown  in  Figures  Ic  and  Id 

Density  p.  Thickness  h. 

Layer  Elastic  Coefficient  Matrix  c.  10*  N/m*  kg/m*  Q  m 
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TABLE  3.  Parameters  of  the  Azimuthally  Amsotropic  Mode!  Used  to  Compute  the  Synthetic 
VSP  Responses  in  Figure  2 


Density  p,  Thickness  h. 

Layer  Elastic  Coefficient  Matrix  c,  10*  N/m^  kg/m*  Q  m 
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The  X  axis  is  the  axis  of  symmetry. 


withoi  "2.5km/s,^i  -  t.4km/s,pj  “  1700kg/m*./ti  -0.5 
and  et]  -  3.5  km/s,  -  2.2  km/s,  pi  -  2300  kg/m*,  and  hi 
-  0.5  (here  hi  and  hi  are  the  fractional  thicknesses  of  the 
two  materials).  The  equivalent  elastic  moduli  for  the  result* 
ing  layer  were  computed  following  the  procedure  given  by 
Schoenberg  (1983).  In  all  the  synthetic  examples  in  Figure 
the  source  was  assumed  to  be  embedded  20  m  below  the  free 
surface  and  the  receivers  were  10  m  below  the  free  surface. 
Computation  of  the  synthetics  in  Figure  1  required  about  a 
minute  of  CPU  time  on  a  Cray*2.  Apart  from  using  Bessel 
functions  in  the  slowness  transforms,  no  special  advantage 
was  taken  of  the  vertical  axis  of  symmetry.  The  matrix  A 
was  diagonalized  using  the  general  tricUnic  procedure  men* 
tioned  above. 

The  next  example,  shown  in  Figure  2,  is  a  vertical  seismic 
profile  (VSP)  for  the  model  of  Table  3,  an  isotropic  layer 
over  an  AA  hal(*space.  In  this  example,  we  computed  the  x, 
y ,  and  z  components  of  motion  for  source  polarizations  in  the 
x.y,  and  z  directions.  The  source  was  located  10  m  below  the 
top  of  the  first  layer,  and  the  receivers  were  at  a  horizontal 
offset  of  500  m  and  at  depths  from  190  to  990  m  in  steps  of  20 
m.  The  source  time  functions  were  impulse  responses,  band 
limited  by  a  frequency  domain  Hanning  window  with  a 
minimum  frequency  of  10  Hz  and  a  maximum  frequency  of 
300  Hz.  The  anisotropic  medium  in  Table  3  is  of  hexagonal 
;  type  with  the  x  axis  as  the  axis  of  symmetry.  Such  a  medium 


Fig.  3.  Five  independent  elastic  constants  (Cu.  C12.  Cd, 
and  C44)  and  density  as  a  function  of  depth  for  the  mode!  desenbed 
in  Table  4.  The  elastic  constants  are  tn  units  of  10*  N/m*  and  the 
density  is  in  units  of  g/cm*. 


can  be  regarded  as  having  sets  of  parallel  fractures  perpen* 
dicular  to  the  x  axis.  We  rotated  the  medium  through  an 
angle  of  -73*  about  the  z  axis,  so  that  the  surface  line 
between  the  source  and  the  borehole  makes  an  angle  of  4-73* 
with  the  fractures.  These  synthetics  were  computed  using 
256  frequencies,  300  values  of  p,,  and  300  values  of  py.  The 
model  shown  in  Table  3  is  the  same  as  that  used  by  Van  der 
Hijden  (1987),  and  our  Figures  2a~2f  correspond  to  his 
Figures  l.Trl.l,  respectively.  Slight  differences  between 
Van  der  Hijden's  results  and  ours  are  due  to  his  inclusion  of 
frequencies  up  to  750  Hz,  his  use  of  a  BIackman*Hams 
window  instead  of  a  Hanning  window,  and  the  omission  of 
multiples  from  his  calculation. 

In  Figure  2,  the  labels  P  and  S  denote  the  P  and  S  waves, 
respectively,  in  the  top  isotropic  layer,  whereas  qP,  q5|,  and 
qSi  denote  quasLF,  quasl*5|.  and  quash^j  waves  respec* 
tivcly,  in  the  lower  A  A  half*space.  Many  of  these  arrivals  are 
characteristics  of  wave  propagation  in  an  AA  medium.  For 
example,  the  XYt  YX»  YZ,  and  ZY  components  (Figure  26, 
2J,  2/,  and  26)  would  be  zero  if  the  medium  were  AI.  The 
splitting  of  the  shear  arrivals  marked  P-qSx  and  P'qSi  and 
and  S^qSi  in  Figures  26,  Id,  If,  and  26  is  another 
chmcteristic  feature  of  wave  propagation  in  an  AA  medium 
where  the  two  shear  waves,  qSi  and  qSi,  travel  at  different 
speeds. 

The  next  example  is  a  surface  seismic  record  for  the  model 
^ven  in  Table  4.  This  is  a  17'layer  model  consisting  of 
isotropic  and  anisotropic  layers.  The  anisotropic  layers  are 
of  hexagonal  type  with  the  y  axis  as  the  axis  of  symmetry. 


SOURCE  RECEIVER 


Fig.  4.  OnentaUon  of  the  fractured  medium  for  the  seismic  pro¬ 
files  shown  in  Figures  5-8 
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TABLE  4.  Parameters  of  the  Azimuthally  Anisotropic  Model  Used  to  Compute  the  Synthetics  Shown  in  Figures  5-9 

Tliic^ess  h. 


Layer 


Elastic  Coefficient  Matiix  e,  lOf  N/m^ 


Density  p,  kg/m^ 
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The  five  independenl  elastic  constants  and  the  density  of  this 
model  are  shown  in  Figure  3,  and  the  orientation  of  the 
fractures  with  respect  to  the  seismic  lines  in  terms  of  the 
azimuthal  angle  0  is  given  in  Figure  d.  For  this  model, 
synthetic  seismograms  were  computed  at  three  different 
azimuthal  angles  as  shown  in  Figures  5-7.  The  source  time 
functions  were  impulse  responses,  band  limited  by  a  fre¬ 
quency  domain  Hanning  window  between  10  and  £0  Hz.  The 
sources  and  receivers  in  these  examples  were  embedded  20 
and  10  m,  respectively,  beneath  the  free  surface.  The  syn¬ 
thetics  were  computed  using  256  frequencies,  dOO  values  of 
Pj,,  dOO  values  of  p,,  and  a  slowness  aperture  such  that  the 
minimum  phase  velocity  was  2.3  km/s.  Computation  of  all 
nine  responses  required  6.5  hours  of  CPU  time  on  a  single 
CPU  of  a  Cray  X-MP.  Although  the  synthetics  in  Figures  5-7 
are  complicated,  the  characteristic  features  of  seismic  wave 
propagation  in  AA  media  are  clearly  evident.  For  example, 
note  the  splitting  of  the  refracted  shear  wave  amval  on  the 
XX,  XZ,  YY,  ZX,  and  ZZ  profiles.  This  particular  arrival, 
marked  by  an  arrow  on  each  record  section,  is  earlier  on  the 


YY  section  (Figures  5-7e)  than  on  'b'  others.  This  is  due  to 
the  fact  that  the  quasi-^j  wave  is  taster  than  the  quasi-5| 
wave,  for  the  model  given  in  Table  d.  Also  the  XY,  YX,  YZ, 
and  2F  sections  for  the  d5’  line  (Figures  6b,  6d,  6f,  and  6h) 
would  have  been  zero  if  the  entire  medium  were  AI. 

Our  final  example  is  a  500  m  offset-VSP  for  the  model  of 
Table  d  at  an  azimuthal  angle  “  d5*.  The  VSP  synthetics, 
shown  in  Figure  8,  were  computed  with  256  frequencies,  250 
values  of P;,,  250  values  of p, ,  ind  a  minimum  phase  velocity 
of  2.3  km/s.  The  CPU  time  was  8  hours  on  c..e  CPU  of  a 
Cray  X-MP.  The  source  time  functions  ami  the  source 
locations  for  these  synthetics  are  the  same  as  for  those 
shown  in  Fibres  5-7.  The  slowness  sampling  interval  was 
increased  for  the  VSP  because  the  VSP  offset  of  500  m  was 
smaller  than  the  2.5-km  maximum  offset  of  the  surface 
seismic.  The  minimum  phase  velocity  could  also  have  been 
increased  for  the  VSP  for  a  greater  saving  in  CPU  time, 
though  this  was  not  done  here.  For  VSPs  the  computational 
overhead  incurred  by  having  receivers  at  many  depths  o 
compensated  for  by  a  smaller  slowness  aperture  and  a  larger 
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Fig.  5.  la).  (bi,  and  (c)  The  x,  y,  and  z  components  of  displacemeni  for  a  source  polarization  m  the  x  direction, 
computed  u»tng  the  model  of  Table  4,  The  seismic  tine  is  along  the  str*  of  the  traciures  (d).  (e).  and  (/)  same  as 
Figures  5a.  5b,  and  5c  but  for  a  source  in  they  direciion.  (g).  (A),  and  (0  Svone  as  Figures  5a.  5b,  and  5c  but  for  a  source 
in  the  z  direction. 


slowness  sampling.  Our  expenence  has  been  that  VSPs  and 
surface  seismic  require  almost  the  same  amount  of  compu¬ 
tation  time. 

Discussion 

The  computations  shown  above  indicate  that  it  is  now 
feasible  to  generate  synthetic  seismograms  for  realistic  AA 
models.  The  reason  for  the  higher  CPU  time  required  to 
compute  synthetic  seismograms  for  AA  media  is  that,  to  be 
sure  of  accuracy  in  the  AA  case,  one  must  compute  the 
reflectivity  matnx  as  a  function  of  frequency  <ti  and  two 
wavenumbers  px  and  py.  If  computing  an  Al  model  with  256 
frequencies  and  250  wavenumbers  requires  1.5  min  of  CPU 
time,  then  computing  a  similar  AA  model  will  require  256 
frequencies,  250  and  250  py,  and  the  computation  tune 
will  be  approximately  (250  x  1,5)  min  =  6  25  hours 


Nevertheless,  our  expenence  has  been  that  it  is  often 
necessary  to  do  two  wavenumber  integrations  for  AA  mod¬ 
els.  To  demonstrate  this  point,  Figure  9  shows  synthetics  for 
the  same  modr  I  and  geometry  as  Figure  6  but  computed  with 
a  single  wavenumber  integration.  Companson  of  Figures  6 
and  9  reveals  that  the  amplitudes  of  certain  reflected  events 
are  much  lower  with  a  single  integration  (Figure  9)  than  with 
a  double  integration  (Figure  6),  especially  at  near  offsets 
Furthermore,  although  arrival  limes  m  both  figures  are 
nearly  the  same,  some  phases  present  in  Figure  6  are  absent 
from  Figure  9.  For  example,  the  phases  marked  Afj  and  A/j 
on  Figure  6e  are  the  qP  head  wave  and  the  qSyqP  reflection 
respectively,  from  the  top  of  layer  2  in  Table  4  A/j  and  Mi 
are  completely  absent  from  Figure  9e  We  suspect  that  other 
such  phases  are  also  missing  or  weak  in  Figure  9,  and  that  it 
IS  the  absence  or  relative  weakness  of  these  phases  that 
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Fig.  6.  Same  as  Figure  5,  except  that  the  seismic  hne  makes  an  azimuthal  angle  of  45*  with  respect  to  the  stnke  of 
the  fractures.  The  phases  marked  Mi  and  Mi  on  section  m  Figure  6f  are  missing  from  the  single  t  mlegra)  of  Figure 
9,  below. 
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lowers  the  amplitudes  of  some  muliiplc'wave  type  reHeciion 
events,  hi  this 'regard,  note  that  the  amount  of  azimuthal 
anisotropy  in  the  model  used  to  compute  the  synthetics  in 
Figures  6  and  9  is  faiiiy  smalt  (Table  4),  so  that  the  two  shear 
waves  and  gSi  travel  with  almost  the  same  speed.  As  a 
result,  a  shear  wave  reflection  will  in  general  consist  of  the 
four  reflections’  <fSf(fSt,qSrqS2,  qS2’qSi ,  and  If 

the  sin^c  wave  number  integration  correctly  computes,  say, 
the  qSi'qSi  and  qS2-qS2  reflection  amplitudes,  but  fails  to 
compute  correctly  qSt-qS2  and  qS2‘qSif  then  the  cumula¬ 
tive  shear  reflection  event  will  have  incorrect  amplitude.  It  is 
disturbing  that  those  phases  which  suffer  lowered  amplitude 
in  a  single  integration  are  most  weakened  at  near  offsets, 
since  near  offsets  are  widely  used  in  exploration  Note  that 
many  reflection  events  do  not  show  this  effect  Originally, 
we  had  hoped  that  the  amplitude  reductions  were  an  artifact 
of  the  fariicular  numerical  scheme  that  we  used  for  the 
Foun'er-Bessel  quadrature  in  the  single  intention  How¬ 


ever,  extensive  testing  appears  to  indicate  that  such  is  not 
the  case:  near-offset  amplitude  errors  and  missing  phases 
seem  lo  be  inherent  in  the  single  integration  approximation. 

Although  it  is  not  evident  from  the  examples  presented 
here,  travel  limes  arc  often  faster  for  a  single  integration  than 
for  a  double  integration.  Note  that  synthetic  seismograms 
computed  for  an  AA  medium  by  a  sin^e  integration  are  not 
synthetics  for  an  associated  AI  medium;  if  that  were  the 
case,  then  the  XY,  YX,  ZY,  and  YZ  sections  of  Figure  9 
would  be  identically  zero,  and  travel  times  would  always  be 
faster  for  a  double  integration  than  for  a  single  integration 
because  the  former  permits  propagation  outside  the  sagittal 
plane  (vertical  plane  containing  the  source  and  receivers), 
whereas  the  latter  does  not 

To  understand  why,  for  an  AA  medium, ji  single  Integra- 
lion  will  often  give  incorrect  results,  recall  that  a  single 
integrat.on  gives  the  travel  limes  of  a  line  source  even  when 
Bessel  functions  arc  used  as  the  kernels  of  the  integral 
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Fig,  7  Same  as  Figure  5.  except  that  the  seismic  line  makes  .*n  azimuthal  angle  of  90*  with  respect  to  the  strike  of  the 

fractures. 
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transforms.  Use  of  Bessel  function  kernels  mstead  of  an 
exponential  kernel  changes  the  amplitudes  of  amvals  and 
the  phase  shift  of  wavelets,  but  it  does  not  change  amva) 
times.  The  difference  between  line  source  amval  times  and 
point  source  amval  times  can  be  seen  from  the  two> 
dimensional  wave  front  surfaces  shown  in  Figure  10.  The 
wave  front  of  a  line  source  is  obtained  from  the  wave  front  of 
a  point  source  by  projection  parallel  to  the  line  source.  On 
the  point  source  wave  front,  only  points  at  which  the  tangent 
is  parallel  to  the  line  source  will  contribute  to  the  line  source 
wave  front.  It  can  be  seen  that  in  two  dimensions  if  the 
source  and  receiver  he  in  a  plane  of  symmetry,  then  a  single 
intention  will  give  correct  travel  times  for  some  amvals, 
but  other  amvals  may  be  absent.  If  the  source  and  receiver 
do  not  he  m  a  plane  of  symmetry,  then  not  only  may  some 
amvals  be  missing,  but  also  the  travel  times  and  amplitudes 
of  the  mam  amvals  will  be  incorrect  Of  course,  if  the 
azimuthal  anisotropy  is  very  weak,  then  these  errors  will  be 


very  small  Also,  the  two-dimensional  wave  front  surfaces  of 
Figure  10  are  a  gross  oversimplification  of  the  actual  situa¬ 
tion  m  three  dimensions,  where  propagation  is  vertical  a*: 
well  as  honzontal  (A  quantitative  study  of  these  effects  for 
re^distic  AA  media  is  presently  being  earned  out  by  B 
Nolle.)  Since  one  can  never  be  sure  that  a  single  integration 
will  give  correct  travel  times,  amplitudes,  and  phases,  it  is 
always  advisable  to  check  final  results  for  AA  earth  models 
by  using  two  wavenumber  integrations 
In  view  of  the  computation  time  it  is  appropnate  to 
consider  alternative  faster  methods„of  seismogram  synthe¬ 
sis.  Geometneal  acoustics  methods  will  nm  faster  than  the 
reflectivity  approach  demonstrated  here  However,  Chap¬ 
man  and  Shearer  11988J  and  Shearer  and  Chapman  [1988] 
have  shown  that  it  is  difficult  to  apply  ray  theory  to  AA 
models  with  gradient  zones  in  AA  media  the  qS  polanza- 
tions  twist  along  ray  paths  through  gradient  zones  causing 
frequency  dependent  coupling  belwee.i  the  qS  waves  As 
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VSP>OFFSET*500m 

Fig  8.  Same  as  Figure  5  bu(  now  m  VSP  geometry  and  for  the  seismic  line  making  an  azimuthal  angle  of  45*  with 
respect  to  the  stnke  of  the  fractures 


this  coupling  i$  much  stronger  than  the  analogous  coupling 
between  the  P  and  SV  waves  in  isotropic  gradients^  ray> 
tracing  results  for  the  qS  wave  polaiizations  are  t)/ically 
valid  only  at  relatively  high  frequencies  and  do  not  converge 
to  the  isotropic  results  in  the  limit  of  inhnitely  weak  anisoU 
ropy  [Chapman  and  Shearer,  1988].  As  a  result,  applications 
of  ray  theory  to  AA  media  are  limited  at  present  to  relatively 
simple  models  (c  g.,  Gq/ewski  and  Pienilk,  19871. 

Another  alternative  to  computation  of  synthetic  seismo¬ 
grams  for  azimulhally  anisotropic  media  is  the  Cagniard-4e 
Hoop  method  as  extended  to  AA  media  by  Van  der  Hqden 
{19871  If  no  gradient  zones  are  present  and  multiple  phases 


are  not  important  so  that  only  a  few  generalized  rays  are 
needed,  then  Cagniard-de  Hoop  may  be  preferable  to  the 
reflectivity  approach  used  here  However,  Cagniard  com¬ 
puter  codes,  even  for  isotropic  models,  generally  demand  of 
their  users  considerable  skill  In  AA  media  much  more  exper¬ 
tise  IS  required  because  of  the  complicated  nature  of  the 
Cagniard  contours.  The  reflectivity  method  became  the  most 
widely  used  method  for  isotropic  models  because  of  its  ease  of 
use  (the  same  contours  of  integration  work  for  ail  models)  and 
Its  automatic  inclusion  of  multiples  It  seems  likely  that  as 
computers  become  faster  the  reflectivity  method  will  also 
become  the  method  of  choice  for  AA  models 
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Fig.  10  A  honzontal  slice  throu^  wavefronts  from  a  point 
source  and  a  line  source  in  a  stron^y  AA  medium  PSWF,  point 
source  wave  front;  LL'.  line  source,  AB,  line  of  receivers;  LSWF, 
line  source  wave  fronts.  The  wave  fronts  of  the  line  source  are 
obtained  by  paraUel  projection  of  pomts  where  the  tangent  to  the 
wave  front  is  parallel  to  the  line  of  sources 
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SUMMARY 

For  the  computation  of  synthetic  seismograms  in  a  generally  anisotropic  layered  earth  it  is 
necessary  to  find  the  eigenvectors  and  eigenvalues  of  the  first  order  elastic  system  matrix  A 
for  many  values  of  wavenumber  and  frequency.  The  analytical  formulas  used  to  construct  the 
eigenvectors  of  A  in  the  isotropic  case  are  not  available  in  the  general  anisotropic  case  so  one 
must  use  numerical  methods  whose  speed  often  depends  on  an  efficient  use  of  the  properties 
of  A.  First  we  review  the  symmetries  of  A  and  the  conditions  under  which  A  is  not 
semi-simple.  Then  we  construct  a  perturbation  theory  for  the  eigenvectors  of  A.  Finally  we 
show  how  to  make  A  symmetric  ;•>  that  special  techniques  for  symmetric  matnees,  such  as 
Jacobi  iteration,  can  be  used.  Ail  the  results  given  here  remain  valid  when  the  medium  is 
attenuating,  i.e.  when  the  elastic  coefficients  are  complex. 

Key  words:  elastic  system  matrix,  petturbation  theory 


1  REVIEW 

As  llio  elastic  system  malrix  is  discussed  in  many  olhct 
papers  and  books  we  include  here  only  a  bare  outline  of  its 
derivation  and  a  few  details  that  will  be  needed  below.  For 
general  anisotropy  it  is  convenient  to  use  Cartesian 
coordinates  {xj.Xj.Xj)  with  Xj  as  the  depth  coordinate. 
The  constitutive  equation  relating  the  stress  tensor  rand  tlie 
displacement  vector  u  is  then 

re“C(,ir*«*i  (') 

in  which  **'  denotes  time  convolution  and  repeated 
subscripts  imply  summation.  The  momentum  equation  is 

pafUya  (2) 

in  which  p  IS  mass  density,  t  is  time  and  f  is  body  force  per 
unit  volume.  To  remove  derivatives  in  X\,  and  r  from 
these  equations  we  take  a  triple  Founcr  transform: 

giPi.Pa.  m)"!”  drij  4*2 

xj^di  exp  (ioi(r  -p,x,  -P2*2)ls(*i-  *2- ') 
(3) 

After  some  algebraic  manipulations  one  then  obtains  the 
first  order  system  in  the  form 

=  10)  Ab  “  “  (  W 


in  which 


IS  the  vector  of  motions,  u»(u,,a2,  m,]’’,  and  scaled 
tractions,  r-(i/o))Ir,3. ’’23.  One  reason  for  scaling 
the  tractions  is  that  it  makes  the  components  of  A  real  when 
the  medium  is  lossless,  which  is  useful  in  certains  kinds  of 
computations.  The  system  matrix  A  has  the  form 


where  T,  5,  and  C  are  3  x  3  submatrices  and  C  and  S  are 
symmetnc  Note  that  A  has  this  same  form  and  these  sai.ie 
symmetries  even  if  any  or  all  of  cu,  pj,  pj,  or  the  are 
complex.  Thomson,  Clarke  &  Garmany  (1986)  have 
sumnianzed  the  symmetnes  of  A  that  result  from  vanous 
del  j  of  b,  including  our  equation  (5),  and  from  not 
factoring  rw  out  of  A.  It  is  straightforward  to  translate  the 
results  of  this  paper  into  forms  consistent  with  these  other 

defiiiitiOib 


2  ISOTROPY  AND  ANISOTROPY 

For  an  isotropic  medium  one  can  calculate  explicit  formulas 
for  the  eigenvectors  of  A  by  the  use  of  potentials  (e  g  Aki 
&  Richards  1980,  p.  166).  These  formulas  show  that  the 
eigenvectors  of  A  have  the  following  properties: 

(a)  A  IS  diagonable  and  the  eigenvectors  of  A  span  the 
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$tx>dimensi6nal  \compleX'  space  -  except  on  the  set  of 
.measure  zero,  MZ;  in  which p  »  y/pfT^  is  ^uaf  cither  to 
aT\6ii6l$7\  .where  a  and  ^  arc  the  P-  and  S*wavc^j>ccds, 
respectively;^ 

(b)>feigcnvectors  of  A  with  different  eigenvalues,  arc 
/C-orthogonial,  i.e^  they  are  orthogonal  in  the  inner  product 
(,)  defined  fcy 

(a,b)«a^Kb,  (7) 

in  which  K  is  the  6  x  6  matrix  given  by 


and  I  is  the  3  X  3  identity  matrix. 

(c)  Except  on  MZ,  there  is  a  matrix  D  and  a  diagonal 
matrix  A. such  that  D'*«D^K  and  AD«DA,  In  other 
words,  where  A  is  diagonable,  there  is  a  basis  for 
consisting  of  eigenvectors  of  A  which  are  X*orthogonaI  but 
not  K*null.  (Vectors  a  and  b  are  /C*orthogonai  if  (a,b)  ^0 
and  a  vector  a  is  said  to  be  /C*nuU  if  (a,  a) »  0.) 

These  three  properties  hold  for  complex  values  of  <a, 
Pi,P2>  or  and  fi.  Property  (a)  is  a  consequence  of  the  physics 
that  led  to  A;  when  p  ■  <r"*  say,  then  the  upgoing  P^wavc 
and  the  downgoing  P*wave  become  the  same  horizontally 
travelling  P-wave.  Properties  (b)  and  (c)  will  be  shown 
below  to  follow  directly  from  the  symmetry  properties  in 
equation  (6),  Property  (c)  U  a  very  powerful  statement:  it 
guarantees  that  each  degenerate  eigenvalue  has  enough 
A^'orthonormal  eigenvectors  to  span  its  subspace.  This  does 
not  mean  that  K^mW  eigenvectors  do  not  exist:  in  fact  they 
are  easy  to  construct:  let  U//  and  Uy  be  two  K<orthonormal 
eigenvectors  with  the  same  eigenvalue;  then  u/z^-iuv^  is  a 
K’twiW  eigenvector. 

Property  (c)  is  useful  because  it  enables  one  to  quickly 
compute  the  inverse  of  the  matrix  of  eigenvectors  (Fryer  & 
Frazer  1984)  and  thus  construct  the  .propagator  solution  of 
equation  (4).  The  construction  is  as  follows:  let  Ba 
(b|,b2,....b6)  be  the  matnx  whose  columns  are  the 
eigenvectors  of  A  obtained  algebraically  by  the  use  of 
potentials.  We  divide  each  column  b,  of  B,  by  its  AC-norm 
(b.  b)*^  and  call  the  resulting  matrix  D;  then  the  inverse  of 
D  IS  D^K.  Letting  A  denote  the  diagonal  matrix  of 
eigenvalues  of  A,  we  then  have  the  propagator  of  the  system 
(4)  in  the  form 

P(x3,Xj)  =  Dcxp((w(xj-x;)lAD*‘K  (9) 

The  construction  just  ^ven  is  so  familiar  for  isotropy  that 
we  take  it  for  granted.  In  the  case  of  anisotropy  we  expect 
to  find  a  similar  rituation.  As  we  will  show  below,  properties 
(b)  and  (c)  hold  unchanged  in  the  case  of  general 
anisotropy;  however,  property  (a)  requires  modification 
because  the  set  MZ,  on  which  A  is  not  diagonable,  is  now 
much  more  complicated.  For  a  medium  with  a  horizontal 
plane  of  symmetry  the  structure  of  MZ  can  be  deduced  from 
analytical  formulas.  For  example,  m  the  monoclinic  case, 
MZ  is  just  the  locus  of  the  zeroes  and,  branch  points,  of  A,, 
A2  and  A3  ^ven  by  equations  (3.4)  of  Fryer  &  Frazer  (1987) 
AUhou^  formulas  for  the  eigenvalues  and  eigenvectors  of 
A  are  not  yet  available  in  the  general  (tnclinic)  case,  it  is 
possible  to  give  a  general  descnption  of  MZ  in  terms  of  the 
slowness  surface  (Synge  1957),  a  good  discussion  of  which 


may  be  found  in  Garmany  (1983).  Briefly,  the  slowness 
sui^ce  is  the  locus  of  solutions  of  the  dispersion  relation, 

.dct|p6tt-p|p|Cywl  =  0, 

which.can.be  obtained  from  the  momentum  equation  and 
the  usual  elastic  ranstitulive  equation  in  a  few  steps  (e.g. 
Auld  :i973,  p.  212).  .This  dispersion  relation  holds  even 
when  the  are  complex,  provided  P|,  pj  and  py  are  also 
allowed  to  be  romplex.  Even  if  the  are  real,  at  least  one 
oLpi,..p2,  and  py  must  be  allowed  to  be  complex  if 
evane^nt  solutions  are  to  be  included) 

When,  the  are  real  the  solutions  of  the  dispersion 
relation  lie  along  a  three*sHeeted  surface  in  called  the 
slowness  surface.  At  points  where  two  sheets  intersect,  or 
arc ’talent  to  each  other,  A  will  be  degenerate  (have 
repeated  eigenvalues)  but  it  need  not  be  defective 
(non*diagonable).  In  general,  A  is  defective  at  any  point 
(pi.pj)  for  whic*.  the  line  drawn  through  (Pi.p:),  parallel 
to  the  P3'axis,  is  tangent  to  one  or  more  sheets.  MZ  is  the 
set  of  such  points. 

There  is  a  slightly  more  general  way  of  expressing  this, 
which  also  holds  in  the  evanescent  case,  and  in  the  case  of 
complex  Cifu.  Solutions  of  the  dispersion  relation  stiil  form, 
as  before,  a  threc'Sheeted  two'dimensional  manifold; 
however,  this  manifold  is  now  a  complex  submanifold  of  C^. 
Utp«(p„pj)  be  any  point  ui  C*  and  let  q"{pi,pz,py) 
be  any  solution  of  the  dispersto  i  relation  corresponding  to 
p.  Let  5  be  the  sheet  on  whi.h  q  is  located.  If  there  is  no 
neighbourhood  of  q,  on  S,  for  which  the  projection  map 
(Pi»P2»P>)"^(PiPj)  onc*to*onc,  then  A  is  defective  at 
p.  MZ  is  the  set  of  such  p.  Physically,  the  reason  that  A  is 
defective  on  MZ  and  not  necessarily  defective  at  points,  for 
example,  where  two  sheets  intersect,  is  that  in  the  latter  case 
the  degenerate  eigenvectors  of  A  correspond  to  plane  waves 
wth  the  same  phase  velocity  but  with  different  group 
velocity.  It  is  only  at  points  in  MZ  that  the  group  velocities 
are  also  the  same. 

It  is  worth  noting  that  although  the  structure  of  MZ  1$  of 
theoretical  interest  one  needs  to  know  very  little  about  MZ 
to  compute  accurate  synthetic  seismograms  by  frequency* 
wavenumber  integration  methods.  Contours  of  integration 
which  avoid  MZ  are  given  below. 


3  PROPERTIES  OF  A 

Garmany  (1983)  gives  a  good  discussion  of  the  symmetnes 
of  A  iHit  his  results  are  valid  only  for  perfectly  elastic  media. 
AH  of  the  results  given  in  this  paper  are  valid  for 
viscO'Clastic  media.  Our  first  goal  1$  to  show  that  property 
(b)  follows  from  the  symmetnes  of  A  as  expicv^ed  by 
^uation  (6).  Since  (6)  holds  generally,  so  then  will  (b). 
First  it  IS  convenient  to  define,  for  any  matnx  B,  the 
/C*tran$pose  of  B 

(10) 

This  definition  is  motivated  by  the  requirement  that 
(B'^ii,v)o(u,Bv)  for  all  u  and  v  in  C*,  whenever  K  is 
orthogonal  (KK^  » 1).  A  matrix  B  is  said  to  be  ^-symmetne 
if  »  B.  It  IS  easy  to  verify  that  the  system  matnx  A  given 
by  (6)  IS  K'Symmetne  for  K  defined  by  (8). 

Now  let  u  and  v  be  two  eigenvectors  of  A  with 
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eigenvalues  ahd  v,  respectively.  Then  v{u,  y)  «  vnTKv* 
{ii,  Av)  a*  (A'^u,  v)  f  <Au,  y).*  ^(u,  v)  Hciice 
(u,[y).»d^if V,  which  shows  that  property  (b)  holds  in 
geheraL 

'Our'nextsgoal^iSoto  prove  pro'^rty  (c),  above.  ProofJs 
heeded  bccawc  thjs  inner  prcyuct'(,)  is  in^proi^r,  and  ^ 
we^ve  no  a  priori  way  of  knowing  that  the  eigenvectors  of 
A  are  hot  /(-orthogonal  to  themselves.  Re^lt  that  mNxN 
matrix  is  ^^d  to  be  senii-simTple  (hbn-defective)  if'it  has  N 
independent' eigenvectors.  A  matrix  K  is  said  to  be' 
involutive  if  =  I.  ^ 

THEOREM 

Let  A  be  a  semi-simple  complex  6x6  matnx  satisfying 
KA^K*>  A  for  some  symmetric  involutive. matrix  K.  T^en 
A  may  be  written  in  the  form  A » D/W^K-  where  the 
columns  of  D  are  the  eigenvector  of  A,  A  is  the  diagonal 
matrix  of  eigenvalues  of  A,  and  the  inverse  of  D  is  OrK. 

PROOF 

Since  A  is  semi-simple  there  is  a  basis  (ttjf.i  for 
consisting  of  eigenvectors  of  A.  This  basis  has  a  dual  basis 
normalized  so  that  vjuy "  6/^,  where  the  superscript 
*t'  denotes  transposition  followed  by  complex  conjugation. 
(Existence  of  the  dual  basis  follows  from  the  fact  that  the 
Hermitian  inner  product  (u,v)buV  is  a  proper  inner 

product.)  Now  for  / « 1 . 6,  define  z, »  Ky*  where  *♦’ 

denotes  complex  comugation.  Since  we  have 

vj «  zjK.  Therefore  x/Ku/  ■  d/j.  Let  X/  be  the  eigenvalue 
associated  with  u^,  so  that  Auy  ■  X  'lf.  We  may  write 

z/iCAuy  ■  z/lKAyU^ «  Xf6y  «  X,6if  ■  X,zjKuj 
M)  that 

(»ilCA-A,i/lK)U/».0. 

Since  the  span  this  means  that  zfKA  « A^z/K,  from 
which,  taking  the  transpose,  and  multiplying  on  the  left  by 
K.  we  get  KA^Kzv«Ait^.  Since  A  is  /C-symmetnc  this 
means  that  is  also  an  eigenvector  of  A  with  eigenvalue  A^. 
First  suppose  that  A  has  no  repeated  eigenvalues:  then 
Zj  B  <r,u^  for  some  complex  Since  1  z^^Ku^  we 

may  absorb  the  factor  into  «« and  then  have  z^ «  u^.  We 
have  shown  that,  when  the  eigenvalues  of  A  are  distinct, 
has  a  basis  {Vi)Ui  eigenvectors  of  A  that  satisfy 
ufKuj^d/j.  Wnfing  D^fui.u^, .  ,U6)  it  follows  that 

D"*«D^K  and  AbDAD’^K. 

Now  suppose  that  A  has  repeated  eigenvalues:  we  may 
still  wnte 

A  «  2  A.UjvJ  =  2  X.,u,z[K. 

1-1  r-i 

Let  A'  be  any  matrix  obtained  from  A  by  changing  the 
eigenvalues  so  that  no  two  are  the  same: 

A'  =  2  a;u,z/k. 

The  argument  just  given  shows  that  we  can  normalize  the  U/ 
so  that  A'bDA'D^K  where  D“*s=D^K  Since  the  only 
difference  between  A'  and  A  is  in  the  eigenvalues  we  may 


f 
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now  replace  A'  by  A  to  get  AbDAOTk.  This  complete 
the  proof.  Note  that  the  only  properties  of  A  used  in  the  i 
proof  were  diagonability  and  the  AT-symmetry.  Thus. the 
result  holds  when  any  or  all  of  <»,  Pi,,p2  and  Ci,u  are 
complex. 

The  theorem  shows  the  relations  between  A,  K,  and  the 
matrix  of  eigenvectors,  D,  but  it  does  not  tell  us  how  to 
.compute  D.  Two  methods  for  computing  D  are  given  in  the 
.following  sections. 


4  PERTURBATION  THEORY  FOR  A 

In  computing  synthetic  seismograms  we  need  to  find  the 
eigenvectors  of  A  for  a  dense  array  of  values  of  pi  and  p^. 
Here  we  briefly  outline  how  to  use  perturbation  theory  to 
rapidly  update  the  eigenvectors  and  eigenvalues  when  A  is 
changed  by  a  small  amount.  Our  notation  is  adapted  from 
Pease  (1965,  chapter  10).  As  above,  we  assume  only  that  A 
is  diagonable  and  /L-symmetric;  thus  the  perturbation 
formulas  derived  below  remain  valid  when  any  or  all  of  a, 
Pi»  Pi  and  Ci^ki  are  complex. 

Suppose  we  have  A^  with  known  eigenvector  matrix 
D*»(u„...,u6)  and  known  eigenvalue  matrix  A» 
diag(Ai, .  . ,  A«)  and  we  want  to  find  these  same  quantities 
for  AbAo-i  6A  From  the  eigenvectors  of  A  we  can 
generate  ihe  Af -dyads  E^y  defined  by 

(1!) 

It  IS  eas’  to  show  that  the  Af-dyads  have  the  properties 

**  E/,6^*  (12) 

and 

6 

(13) 

/-} 

The  matrix  A  may  be  expanded  as 
6 

A  «  2  (14) 

i-i 


and  an  arbitrary  matrix  B  may  be  expanded  as 

6  b 

E  •*  2  2  b,j  b  ufKBu,  (14a, b) 

/-I/-I 


To  obtain  these  last  relations  multiply  B  on  the  nght  and  left 
byl,  substib  e  from  (13),  and  then  make  use  of  (11)  When 
the  matnx  dA  is  added  to  Ao  let  the  resulting  cnange  in  the 
;th  eigenvalue  be  dXj  and  the  change  in  the  /th  eigenvector 
be 

2  (15) 

/ 

The  eigenvector  equation  for  A  becomes 

(Ao  +  ^  A)(uy  +  duy)  ■«  (A^  +  6A^)(u;  +  SUj)  (16) 

Using  the  AC-dyad  expansions  of  Ao  and  5A  and  neglecting 
quantities  that  are  second  order  in  d\  we  find 

6Xf  -  ufK  dAuy  (17a) 


The  coefficient  b,,  is  taken  to  be  zero  if  /  =  i  and  is  otherwise 
given  by 


u/K  d\u, 
3, -A, 


(17b) 


» 


476  :I^N.^-Prdzer:an 

^Forniul^'t  (17)^  'a«umcr  that  fA)-  has  ■  only  one  eigenvector 
.‘and  -!that-  Ay+6Ay/Js^  hoti^'mencalIy:  ‘closc  to.  another 
e^geh^lue;--^f-/such‘"ds^not-the^‘ca^^^■th^en  we  must  use 
degcncratci^pcrturbation^theory.  Suppo^  Ay-has^the  two 
-eigenvector. By  and  We  .wnte.w  =  Uyt  <«•*  where  o' is  a 

constant  to  be  determined.  Now  let  the  perturbation  to  W  be 
6 

5wa  2  M/ 

i*l.k 

and  the  perturbation  to  Ay  be  6Ay,  and  substitute  into  the 
equation 


(Ao  +  dA)(w  +  6w)  ®  (Ay  +  6Ay)(w  +  6w).  (18) 

Neglecting  quantities  of  second  order  in  dA  we  find  the  two 
solutions: 


6Ay^»4  +  6ai  (15b) 

in  which 

a  ■  vlJK  6Auy;  b  «  Uy'^K  SAuj^; 

and  cnuJ^KdAuj^.  (19c, d.e) 


The  perturbations  to  the  eigenvectors  are  given  by 


,  ujK  <5Awt 


(20) 


While  eigenvalues  are  the  same  only  at  shear«wave 
singularities  (Fryer  &  Frazer  1987),  they  are  more  often 
numerically  close  in  the  sense  that  the  perturbations  to  the 
eigenvalues  may  be  greater  than  their  difference.  When  that 
is  the  case  wc  use  quasi>degenerate  perturbation  theory 
(e.g.  Messiah  1962,  p.  111).  This  consists  of  altering  the 
unperturbed  matrix  A^  so  as  to  make  the  nearby  eigenvalues 
identical.  Suppose  Ay  and  are  numerically  close.  Then  we 
replace  Ao  by 

Ai»l/2(A;  +  A.)(E,;  +  E„)+  i  (21) 

i*J  k 

and  we  replace  6A  by 

dV  «6K+  \n(X,  -  A*)Eyy  +  1/2(A*  -  Ay)Ejn.  (22) 


Notice  that  Ao  +  6A'*»Ao  +  dA  but  that  A^  has  the 
repeated  eigenvalue  (Ay  +  A*)/2  so  that  wc  can  now  use 
degenerate  perturbation  theory. 

The  corrections  to  the  eigenvalues  and  eigenvectors  that 
perturbation  theory  gives  us  are  not  exact  but  we  can  find 
exact  corrections  by  iterating.  Suppose  we  have  just  used 
one  of  the  above  methods  to  calculate  rew  approximate 
eigenvectors,  u'  *  u,  +  and  eigenvalues,  Xj  *  A^  -f  dA«. 
We  K'orthogonahze  the  u'  using  Gram-'Schmidt,  and  then 
normalize  them  to  unit  Kdength;  call  these  new  vectors  u*. 
Hie  expressions  derived  above  can  be  used  to  show  that  the 
Ui  are  K-orthogonal  to  first  order  in  6A  and  that 
/C'orthonormahzation  changes  them  by  quantities  which  arc 
only  second  order  m  dA;  therefore  the  u/  are  eigenvectors 
of  A  correct  to  first  order  m  dA  Using  the  and  the  A„ 
we  form  the  reference  matrix 

AS=iA;u;a:''K,  (23) 

<•1 


and  the  new  perturbation 

dA'  =  A-A5.  (24) 

Since  the  n”  and  the  A)  are  exact  eigenvectors  and 
eigenyidues  of  AJ  we  wn  now  use  perturbation  theory 
again.'  Updating  the  reference  matrix  is  important  for 
numerical  work  because  it  allo^  one  to  diagonalize  a  long 
sequence  of  matrii^,  the  last  member  of  which  may  be  very 
different  frpm^  the  first. 

Parts  of  the  th^ry,  of  this  section  have  been  utilized  by 
Van  der  Hijden  (1988)  in  the  computation  of  synthetic 
seismograms  for  azimuthally  anisotropic  media  by  the 
Cagniard-de  Hoop  method. 


5  JACOBI  ITERATION 


The  procedures  of  the  last  section  arc  straightforward  but 
they  are  unsuitable  for  use  on  a  vectorizing  computer 
because  of  the  large  number  of  Tf  statements  required.  An 
alternative  procedure  for  calculating  eigenvalues  and 
eigenvectors,  which  takes  advantage  of  the  fact  that  these 
are  approximately  known,  is  Jacobi  iteration  (e.g.  Golub  & 
Van  Loan  1983,  p.  295).  In  order  to  use  Jacobi  iteration  we 
must  first  transform  the  system  matrix  A  into  a  symmetric 
matrix.  With  reference  to  equation  (5)  we  introduce  a  new 
vector  of  physical  variables  b'  which  is  related  to  b  by 

b-Sb'.  (25) 

Then  equation  (5)  becomes 

3,b'-«uA'b'-is"'(®)  (26) 


in  which 

A'»S“‘AS.  (27) 

Wc  want  to  choose  S  so  that  (A')^  •  A'.  *.Vc  also  want  to 
chose  $  so  that  our  /C-product  becomes  the  Euclidean 
product,  i.c,  if  u  «  Su'  and  v  »  Sv'  then 

ii'^Kv-(.')S’.  (28) 

Substitution  for  u'  and  v'  in  this  last  equation  yields 

(29) 

For  our  K,  defined  by  equation  (8),  this  last  equation  is 
solved  by  S  »  K"*'*  where  is  given  by 


.,,12  e»p(-ig/4)  (  I  il\ 

“  72  \,i  ir 


(29a) 


with  inverse 


e»p(i.T/4)  I  I  -il\ 

“  — ^U.I  i/- 


(29b) 


To  venfy  that  A'  is  symmclnc  for  S  »  K'  substitute  for  S 
in  equation  (27),  take  the  transpose  of  both  sides,  and  recall 
that  A  IS  JC-symmetnc  so  that  A^  »  KAK.  The  eigenvectors 
of  A  transform  like  other  vectors  so  that  if  O'  is  the 
eigenvector  matrix  of  A'  and  D  is  the  eigenvector  matru  of 
A  then 

O' « 


(30) 
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(25) 


(26) 


(27) 

also  want  to 
he  Euclidean 


(28) 

yields 

(29) 

t  equation  is 


^e.\frahsfqririatioh  preserves  the  orthonormality  of  the 
.cigehyettbrs: 

(p:)^p'  «  p^KD 

althpu^  this  oilhononhaHty  is  now  with  respect  to  the 
Euclidean  inner  product  instead  of  the  /Coproduct.  Note  that 
oiir  symihctcl^tibn  pr^dure  used  only  the  if-symmetry  of 
A';  thus  it  works  even  wh(5h  any  or  all  of  w,  p|»  and  the 
arc  complex. 

Now  that  we  have  transformed  A  into  a  symmetric  matrix 
we  wn  use  standard  methods'  to  compute*  the  dfgenvectors. 
Supine  we  have  found  the  matnx  D'  of  eigenvector  of  A', 
and  we  wish  to  find  the  eigenvectors  of  A'  +  6A*.  The 
matrix 


A  +  M-(D')^(A'  +  dA')D' 


(31) 


has  off'diagonal  components  which  are  of  order  dA.  Jacobi 
iteration  iteratively  reduces  the  sum  of  the  squares  of  the 
off-diagonal  elements  of  A  -f  M  in  a  manner  that  converges 
very  rapidly  if  the  off-diagonal  elements' are  small  to  begin 
with.  It  finds  a  complex  orthogonal  matrix  R  such  that  A*  is 
diagonal  where 


A'  -  R*"(A  +  M)R  -  R''(D')''(A'  +  dA^)D'R. 


(32) 


Thus  the  matrix  of  eigenvectors  of  A'  +  dA'  is  D’R.  An 
efficient  Jacobi  iteration  for  complex  symmetric  matrices 
was  given  by  Eberlcin  (1971).  Anderson  &  Loizou  (1973) 
show  that  Ebcrlcin’s  method  converges  rapidly  when  the 
off-diagonal  elements  are  small;  an  AtooL  implementation 
of  the  algorithm  can  be  found  in  Anderson  &  Lotzou  (197d). 

The  theory  of  this  section  has  been  used  extensively  by 
Mallick  &  Frazer  (1989)  for  the  computation  of  synthetic 
seismograms  for  azimuthally  anisotropic  visco-elastic  media 
by  the  Kennctt  (1983)  algorithm.  They  found  that,  for 
models  with  attenuation  typical  of  earth  materials, 
integration  along  the  Re(pi)-^  and  Uie  Re(p2)’a’tK 
avoids  the  set  MZ.  For  models  with  unreahstic^ly  high  Q's, 
integration  along  the  contours  arg(pj) «  -e  and  a^Cpj)  *» 
-e,  where  c  «0.1,  avoids  MZ.  When  a  complex  temporal 
frequency  is  used  to  avoid  wrap-around  (Mallick  &  Frazer, 
1987)  then  the  contours  arg(pj)»-'e-3rg(w)  and 
arg(p2)**“f -argfw)  should  be  used  so  as  to  keep  the 
wavenumbers  and  ^2  near  their  real  axes  These  double 
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contours  are  analogous  to  the  single  contours  that  ha 
used  on  isotropic  models  for  many  years. 
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SUMMARY 

Direct  measurement  of  the  sediment  shear-wave  quality  factor,  Q^.  has  been 
hindered  by  the  lack  of  an  effective  shear-wave  source.  We  show  that  if  a 
satisfactory  horizontal  component  ocean  bottom  seismometer  (OBS)  is  available, 
then  sediment  Q,  can  be  determined  directly  by  using  spectral  ratios  of  converted 
shear-wave  reflections.  Spectral  ratios  are  formed  with  the  FS  reflection  from  the 
sediment/basement  interface  and  the  PSSS  mullibounce  sediment  shear-wave 
reflection.  As  a  check,  we  also  computed  from  the  peak  amplitudes  of  PS  and 
PSSS. 

We  applied  the  spectral  ratio  method  to  airgun  OBS  data  collected  over  356  m  of 
primarily  high-porosity  biosiliceous  clay  in  5467  m  of  water  in  the  northwest  Pacific 
at  43°55.44'N,  159*47.84'E  (DSDP  Site  581).  An  average  sediment  shear-wave 
velocity  of  about  0.2kms“'  was  obtained  from  the  PS  traveltime.  Effective  Qn  for 
the  sediment  column  was  found  to  be  97  ±11  (a  =  0.281  ±0.032 dB  A"')  in  the 
frequency  band  3-18  Hz. 

We  tested  the  methods  by  applying  them  to  reflectivity  synthetic  seismograms 
computed  for  various  velocity  profiles  with  both  frequency-dependent  Q  and 
frequency-independent  Q.  The  2a  estimate  obtained  from  synthetic  seismograms 
was  within  15  per  cent  of  the  true  2a  lot  each  velocity  profile.  2a  estimates  within 
25  per  cent  of  the  true  Q  were  obtained  with  the  adoition  of  up  to  6.5  per  cent 
signal-generated  noise,  whereas  the  addition  of  only  3  per  cent  signal-generated 
noise  energy  makes  estimates  of  the  frequency  dependence  of  2  unreliable  using 
spectral  ratios.  We  conclude  that  the  two-octave  bend  of  the  data  is  not  wide  enough 
to  determine  the  frequency  dependence  of  2a- 

Tests  on  synthetic  seismograms,  computed  from  models  containing  alternating 
layers  of  high  impedance  contrast  with  realistic  velocities,  indicated  that  apparent 
attenuation  due  to  intrabed  multiples  does  not  significantly  affect  the  spectral  ratio 
2a  estimates,  although  a  shift  in  spectral  content  to  higher  frequencies  for  PS  and 
PSSS  phases  and  a  delay  in  the  apparent  arrival  time  of  PSSS  were  observed. 
However,  the  alternative  peak  amplitude  ratio  method  gave  2a  estimates  more  than 
25  per  cent  tower  than  the  true  2  for  multilayer  sediment  models.  We  also  tested 
the  methods  on  synthetic  data  subjected  to  hard  and  soft  clipping  Spectral  ratio 
estimates  of  2a-  from  synthetic  data  with  PS  clipped  up  to  50  per  cent,  were  within 
25  per  cent  of  the  true  2a. 

Key  wards:  converted  shear-wave  reflections,  horizontal  geophone  OBS  data, 
sediment  attenuation,  spectral  ratios. 


1  INTRODUCTION 

When  corrected  for  geometnc  spreading,  seismic  body 
waves  decay  in  amplitude  like  e"",  where  x  «  the 
source-receiver  distance  and  a  is  Ihe  attenuation 


Attenuation  is  thus  a  property  of  Ihe  material  through  which 
the  waves  propagate.  In  discussions  of  rock  properties  or  of 
propagalton  loss,  it  is  sometimes  more  convenient  to  speak 
of  the  quality  factor  Q,  given  by  Q  =  nf/ca,  where  /  is 
frequency  and  c  is  the  seismic  velocity  Attenuation  includes 
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both  intrinsic  losses  due  to  aheiastic  heating  and  apparent 
lo^s  resulting  from  scattering.  Although  neither  the 
^mechanism  -rnor  the  exact  mathematical  ' d^criptton  of 
attenuation  is-precisely  known,  nibst  in  situ  measurements 
imply  ithal  Q  is  frequency  .  independent  (Hamilton  1976a, 
Kanambn  &  Ande«on  1977),  whereas  most  theories  sagged 
some  form  of  frequency  dependence  (e.g.  Stnck  1967). 

The  determination  of  the  attenuation  charactensttes  of 
seismic  waves  in  manne  sediments  has,  been  the  focus  of 
numerous  studies  (e.g.  Hamilton  19763,  b;  Jacobson,  Shor 
Dorman  1981;  Jensen  &  Schmidt  1986}.. Stratification 
within  the  sediments  may  result  in  significant  scattered 
energy  and  associated  interference  of  seismic  signals  that 
can  make  attenuation  measurements  extremely  difficult. 
Attempts  to  separate  effeettve  compressionahwave  attenua* 
tion  into  Its  components  and  to  determine  its  frequency 
dependence  (e.g.  Jacobson  1987)  have  not  been  conciusive. 
There  is  still  no  conclusive  evidence  of  the  frequency 
dependence  of  Q  within  the  seismic  band  between  1  and 
100  Hz,  although  some  studies  (e.g.  Stoll  1985;  Jensen  & 
Schmidt  1986)  have  presented  evidence  which  suggests  that 
Of  varies  as  /®,  with  B  between  I  and  2. 

The  effect  of  sediment  shear^wave  parameters  on  acoustic 
propagation  loss  in  the  ocean  has  been  examined  by  Vidmar 
(1980a,  b).  Harnson  &  Cousins  (1985)  and  Hughes  et  ai 
(1990).  Sediment  attenuation  can  be  useful  in  identifying 
sediment  type  (Hamilton  1980),  and  changes  in  attenuation 
with  depth  can  indicate  the  degree  of  lithihcation  (Hamilton 
1976a;  Jacobson  <t  al.  1981).  Reflectively  modelling  of  the 
oceanic  crust  ca.i  give  erroneous  results  for  crustal  tf 
incorrect  assumptions  are  made  about  sediment  Qf,. 

Ocean  bottom  sediment  compressionabwave  properties 
can  be  measured  directly  due  to  the  ease  of  generating  and 
detecting  compressional  signals  (e.g.  Hamilton  I976a; 
Jacobson  et  al.  1981).  Although  the  shear-wave  propemrs  of 
ocean  sediments  can  be  determined  using  Scholte-waves 
(Jensen  &  Schmidt  1986),  numerical  modelling  shows  that 
Scholte-waves  propagate  only  in  the  topmost  portion  of  the 
sediments.  For  shallow  water  sediments,  Jensen  &  Schmidt 
found  a  relatively  steep  gradient  in  both  shear-wave 
velocity.  Cfi,  and  Qa  between  the  sea-floor  and  60  m  depth. 

Direct  measurement  of  sediment  Qf  has  been  limited  by 
the  absence  of  high  quality  sediment  shear-wave  data.  This 
IS  due  largely  to  the  lack  of  satisfactory  ocean  bottom 
5-wave  sources,  but  is  also  related  to  problems  in  ocean 
bottom  seismometer  (OBS)  design  (Sutton  &  Duennebier 
1987).  Here  we  circumvent  the  source  problem  by  analysing 
convened  shear-wave  reflections  from  the  top  of  the  crust 
(basement)  recorded  by  an  OBS.  TTie  detection  and 
idenliflcation  of  multiply-reflected  basement-converted 
shear  waves  allows  us  to  make  the  first  direct  measurement 
of  efl^ective  Qp  for  the  entire  sediment  column  at  a  deep 
water  site. 

We  first  present  the  OBS  data  that  motivated  the 
shear-wave  analysis  and  discuss  the  key  phases.  We  bnefly 
review  propagation  parameters  and  alternative  descnptions 
of  attenuation.  Then,  using  synthetic  seismograms,  we  show 
that  spectra!  ratios  and  peak  amplitude  ratios  can  be  used  to 
determine  Qp  from  converted  5-wavc  reflections  A  vanety 
of  velocity  profiles  are  tested,  with  and  without  clipping, 
with  and  without  added  noise,  and  with  the  use  of  a  realistic 
multipulse  source  function  Finally,  we  apply  our  methods 


to  honzontal-component  OBS  data. 

2  DATA 

The  OBS  data  used  m  this  study  were  obtained  in 
conjunction  with  the  Ocean  Sub-bottom  Seismometer  IV 
Experiment  on  DSDP  Leg  88  (Duennebier  et  al  1987).  The 
experiment  site  (Hole  581C)  is  located  in  -UOMa  crust 
about  40  km  south  of  the  Hokkaido  Trough  in  the  northwest 
Pacific  basin  al  43*55.44'N,  159^47.84'E  Typical  water 
depth  m  the  area  is  5500  m.  Single-channel  reflection  data 
show  pelagic  sediments  roughly  350  m  thick,  smoothly 
draped  over  basaltic  crust.  Holes  drilled  at  Site  581  on  Legs 
86  and  88  encountered  continuous  pelagic  siliceous  clays; 
chert  bands  beginning  about  70  m  above  basement  become 
numerous  near  the  base  of  the  sediments.  Core  data  indicate 
a  iow-veloctly  zone  at  a  depth  of  about  200  m  below  sea 
bottom. 

The  data  used  m  this  study  were  recorded  by  a  Hawaii 
Institute  of  Geophysics  isolated  sensor  ocean  bottom 
seismometer,  OBS  Y-220.  (Byrne  -*/  al  1983)  from  a  30  hire 
airgun  towed  across  the  site  in  an  approximately 
north-south  direction  by  Soviet  research  vessel  Dimitri 
Mendeleev  (Duennebier  et  oi  1987).  The  airgun  was  towed 
at  a  depth  of  20  m  and  operated  at  a  pressure  of  about 
2000  psi  with  a  repetition  rate  of  1  min.  More  than  300  shots 
were  recorded  at  horizontal  ranges  between  0  and  55  km. 
with  nominal  spacing  of  about  0  17  km.  The  analogue  data 
were  digitized  at  80  samples  s’’.  Ship  track,  gam  and 
spreading  corrections  were  applied 

2,1  Data  analysis 

Fg.  I  shows  the  unflitered  OBS  horizontal  geophone  (a) 
and  hydrophone  (b)  record  sections  Horizontal  geophones 
are  sensitive  to  motion  along  their  axis  in  the  honzontal 
plane;  this  motion  can  be  due  to  either  non-vertical 
comprcssional-wavcs,  to  shear  waves,  or,  sometimes,  to 
tilting  of  the  instrument  package.  In  contrast,  pressure 
sensors  detect  only  compressional-wave  energy  and  are 
insensitive  to  shear-wave  energy  and  tilt.  Companng  the 
pressure  data  with  the  honzontal  data,  we  see  that  only  the 
direct  water  wave  is  common  to  both,  thus  the  phases 
observed  on  the  honzontal  component  must  be  near-vertical 
travelling  shear  waves. 

Using  the  2,00  ±  002  s  P  +  S  traveliime  from  the 
horizontal  geophone  data  and  the  sediment  thickness  of 
356  m  from  dnlling,  we  estimate  an  average  sediment 
shear-wave  velocity,  dp,  between  0.195  and  0  204kms“‘, 
assuming  the  average  sediment  compressional-wavc  velo¬ 
city,  IS  between  1.8  and  1.5  km  s'*  Basement 
compressional  and  shear-wave  veloaties  of  2.45  and 
4.35  km  s”*,  respectively,  were  obtained  from  the  slopes  of 
(he  PSS  and  PPS  refraction  branches,  m  general  agreement 
with  other  studies  (e  g.  Spadich  &  Orcutt  1980;  While  & 
Stephen  1980;  Duennebier  et  al  1987)  As  it  is  difllcult  to 
locate  precisely  where  these  phases  emerge  from  the 
converted  basement  reflection,  or  to  determine  their  slope 
at  that  point,  the  actual  veloaties  at  the  top  of  the  crust  may 
be  somewhat  lower  than  these  measurements  The  limited 
dynamic  range  of  the  instrument,  which  clipped  some  high 
amplitude  signals,  precludes  amplitude  versus  offset  analysis 
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Figure  !•  (a)  Unfiltered  huruontal  OBS  refraction  data  (b)  Unaltered  OBS  pressure  record  section.  Amplitudes  m  each  record  section  are 
sealed  relative  to  the  maximum  amplitude  in  the  nearest  trace. 
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to  identify  the  critical  distances  for  the  refraction  phases  and 
thereby  constrain  the  uppermost  crustal  velocities. 

This  paper  will  focus  on  the  first  12  s  of  the  horizontal 
data  (Fig  2)  A  reduction  velocity  of  2.25  km  s’'  was 
applied  m  order  to  separate  phases  and  to  faalitate 
identiHcation  of  the  sediment  shear^wave  reflections  The 
traveiiime  curves  shown  in  Fig  2  were  generated  by  tracing 
rays  for  converted  and  multiply^reflected  S  phases  using  a 
onedaycr  sediment  model  with  »  1.55  km  s’*,  * 

0  I98kms~‘.  and  a  sediment  thickness  of  356ra.  The  PS 
phase  travels  down  through  the  sediment  column  as  P  and 
converts  to  S  at  the  sediment/basement  interface  The  PSSS 
phase  transits  the  sediment  column  four  times,  once  as  P 
and  three  times  as  S  The  PSSS  multiple  shear^wave 
reflection  from  basement  was  the  motivation  for  the 
sediment  analysis  in  this  paper 

Fig  3  shows  the  horizontal  component  data  from 
selected  traces  at  less  than  2  km  horizontal  range,  with  each 
trace  normalized  to  the  same  maximum  amplitude  The  water 
wave,  WW,  an  mtrasedimeni  reflection  IPS,  and  the  PS  and 
PSSS  converted  b.>ement  reflections  are  identified  The 
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Figure  2.  Pan  ol  ihe  horizooul  data  m  lu  n.du^i.a 
225km\  '  ’*«ih  travchime  t.ur\cs  idtntilvmt 
shear  rerteci«)n’> 
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FIfure  3.  Selected  irace-nermatized  hofuonia!  data  at  distances  to 
2km  The  wateewave.  IW.  intrasedimem  converted  icfleciioti. 
m,  and  the  tS  and  PSSS  convened  basement  (crustal)  reflections 
ate  identified.  (Same  data  as  portion  ot  Fig,  2.) 

phase  IPS  ts  identtfled  as  a  converted  S-wave  reflection  from 
wthtn  the  sediment  column  by  its  arrival  time  between  the 
VW  and  PS  phases  and  by  the  similarity  o(  its  coda  to  that 
of  the  other  5-wave  reflections.  Phases  appe.-.nng  between 
PS  and  PSSS  that  have  approximate;;'  the  same  movcout  ate 
the  result  of  multipathing  within  the  sediment  column. 

Fig.  4  shows  the  spectra  of  2  s  of  OBS  'noise’  pnot  to  the 
(itst  amval.  and  of  2  s  of  'signa''  starting  at  5.67  $.  wmeh 
includes  the  PS  reflection  for  the  trace  at  0.41  km  in  Ftg.  3. 
Noise  levels  are  a  combination  of  background  noise  and 
signal  generated  noise  from  earlier  shots.  The  amplitude 
spectrum  (solid  line  in  Ftg.  4)  of  the  horiaontal  data  has  a 
dominant  frequency  of  about  9  Hz.  The  signal  level  is 
generally  at  least  10  dB  above  the  noise  level  between  5  .and 


18  Hz.  Spectral  estimates  in  this  paper  are  referenced  to  1 
(digital  unit)/VFtz. 

The  9  Hz  dominant  frequency  gives  a  shear  wavelength  m 
the  sediments  of  about  22  m.  compared  to  about  190  m  for 
comprcssional  waves.  Thh  difference  results  in  a  hner 
sampling  of  the  sediment  structure  using  shear  waves  than  is 
possible  with  comprcssional  waves  for  this  source.  The 
sensitivity  of  short-wavelength  shear  waves  to  fine  scale 
structure  may  explain  some  of  the  reverberation  observed  m 
the  horizontal  data. 

2.2  Path  differences 

Snell's  Law  shows  that  the  shear  legs  for  PS  and  PSSS 
reflections  are  near  vertical  for  an  average  sediment 
shear-wave  velocity  dj  =0.2km$‘’  and  for  any  reasonable 
choice  of  sediment  d„.  The  extreme  case,  where  the  incident 
P-wave  is  honzontal  at  the  sediment/basement  boundary, 
and  d,  »  1.5  km$"‘,  gives  a  shear-wave  incident  angle  al  the 
receiver  of  6,  »  7,7'.  As  Fig.  5  shows  schematically,  the  PS 
arrival.  S,.  and  the  PS  branch  of  the  PSSS  reflection.  S’,, 
have  different  paths  and  consequently  different  ray 
parameters.  In  order  to  estimate  Gp.  we  compare  the 
amplitudes  and  the  spectra  of  S,  and  S2,  assuming  that  S, 
and  S,  ate  the  same.  The  amplitudes  of  S’,  and  S,  depend  in 
part  on  phase  conversion  at  the  sediment/basement 
interface  and  the  downward  path-length,  w’th  assocta-ed 
eomptesstonal  losses,  which  ate  both  angle  dependent.  We 
need  to  show  that  S;  samples  the  same  portion  of  the 
sediment  column  ?$  S,.  As  all  S  paths  are  neatly  vcnical. 
and  as  S,  and  Sj  have  the  same  source  and  tecenet,  this  wdi 
be  true  if  the  downward  P  paths  for  S,  and  S’,  at  range  X  ate 
approximately  the  same.  i.e.  il  theit  ray  parameters,  p,  arc 
not  very  different. 

Assuming  honzontal  layers,  the  total  honzontal  distance 
Xt  between  source  and  receiver  can  be  expressed  as 
Xt(p)-^w(p)  +  ^.(P)  +  ‘V>(p)- 
where  Xw  ts  the  horizontal  water  distance.  is  the  nuinbei 
of  sediment  shear  paths,  and  X,  and  Xf  are  the  honzontal 
sediment  eomptesstonal  and  shear-wave  distances,  respec¬ 
tively.  For  a  stratified  medium  with  homogeneous  sediment 
layers.  (I)  may  be  wntten  in  the  form 

.T,<p)»ffw(-W^) 

'T/l-p'Cw' 


Frequency  (Hz) 

figure  4.  Amplitude  spectra  of  2$  of  noi«  (dotted)  and  signal 
(solid)  data  starting  at  1  5  and  5  67  s.  respectively,  fol  the  trace  at 
0  41  km  in  Fig  3 


BASEMENT 

Tigute  5.  Schemalic  of  ihe  S,  -  PS  (dashed)  and  S,  =  PSSS  (solid) 
ray  paths  tor  a  uniform  sedimeol  layer  over  basemen- 
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where' //w  IS  the'thjckne^  of  the  water  column  between  the 
^and\thc\j^an^  .  Is  the  sedimcfnt 

.thickhw^M:w;is:the  water;velbcity,  and  , 'and  c^  afc  the 
-^iment..comprMsiona)'.'and‘^  sheaf-wave,  yelpcjti«.  'Wc  > 
choo^^a  feal  re^  distance-Xr  corresponding  to  the 
OBS;ra’nge  bf;inter«t  and  solve‘(2)  for  wrhplex  py  (PS  * 
ph^c/.\th.tiV;j  «,!)' and<wmpler  P2,’'(?55S  phase  with 
find  that'the'reai  pans  of  pi.and  differ  by,^ 
less -than  2 » pet  cent  with  .'^w  ®*5«467kVn  - and 
0.356km,  and  that  the  sediment ' path-length  and  the 
trWltime*  of;P5(p,)  differ-  from, those  of  PS{pf)  by  less 
than  one,  metre  and  O  OIs,  respectively.  Thus  the  P  paths 
and  as^'ked  losses,  as  well  as  the  incident  angles  at  the 
basement  and  assoaated  P-to-5  conversion,  are  effectively 
identical  for  PS  and  PSSS. 

3  PROPArtATION  PARAMETERS 

In  a  homogeneous  medium,  seismic  wave  propagation  is 
determined  by  the  phase  velocity  c  and  the  specific  quality 
factor  Q,  which  is  a  dimens’onless  measure  of  the  internal 
friction  or  aneiasticity  of  the  medium.  Johnston  &  Toksdz 
(1981)  present  vanous  definitions  of  Q  and  thetr 
interrelationships  A  definition  that  relates  Q  to  wave 
amplitude  A  is  given  by 


in  which  AA  is  the  amplitude  toss  per  cycle.  From  (3)  the 
amplitude  decay  due  to  attenuation  is  given  by 


A(X)<.A,cxp[-^). 


where  Aq  is  the  initial  amplitude,  X  is  the  path-length  m  the 
attenuating  medium,  c  is  the  phase  velocity,  and  (a  is  the 
angular  frequency.  The  attenuation  factor  a  is  given  in 
terms  of  (o  or  frequency  /by 


0(»<al2cQ  or  <»(/)« 


c(f)Q(f)' 


Attenuation  can  also  be  expressed  by  the  power-law'  relation 

(6) 

where  0  <  S  <  1  and  w  ^he  attenuation  coefficient  (Smek 
1967).  In  order  to  satisfy  the  Palcy-Weiner  causality 
condition,  a  predsely  linear  frequency  dependence  (B  » 1) 
1$  not  [lossible  (Papoulis  1962).  Combining  the  expressions 
for  a{f)  in  (5)  and  (6)  gives 

It  can  be  seen  that  if  ko  and  Q  arc  constant  and  5  1,  then 

the  velocity  of  propagation  must  be  dependent  on 
frequency.  To  model  seismic  data  accurately  it  is  important 
to  know  the  frequency  dependence  of  Q  and  c  We 
investigate  the  dispersion  relations  of  Stnek  (1967,  1970). 
Du,  Anderson  &  Kanamon  (1976)  and  Kjartansson  (1979) 
in  a  later  section 


'3.1'  Effective  attenuatioh 

AUenuation  measured  from  field  data  i$  termed  effective 
Attenuation  (a^)  as  it  includes  contributions  from  both 
intrinsic  (n't)  and  apparent  (o”^)  attenuation  This  car.  be  ^ 
expressed  m  terms  of  or  or  Q  as 

ae  =  <>’i  +  OA  Of  Qe'“Qi'  +  QX’-  (8) 

Both  Qi  and  (2a  frequency  dependent,  although  m 

situ  measurements  indicate  that  is  effectively  frequency 
independent  m  the  seismic  band  (Kanamon  &  Anderson 
1977), 

Some  mechanisms  to  account  for  inlnnsic  losses  arc 
presented  in  Toksbz  &  Johnston  (1981).  Included  are 
friction  and  frame  aneiasticity  (Walsh  1966),  pore  fluid 
movement  between  cracks  (Mavko  &  Nur  197*^;  O’Connell 
&  -Budiansicy  1978),  and  fluid  flow  relative  to  the  mineral 
matrix  (Biot  1956).  Stoll  &  Bryan  (1970)  and  Stoll  (1974) 
predict  a  non-linear  frequency  dependence  of  the  attenua¬ 
tion  factor  or  for  propagation  of  acoustx  waves  in  saturated 
sediments,  known  as  the  Biot-Stoli  model.  Several  studies 
suggest  that  Q  increases  with  depth  m  sediments  and  may 
follow  a  power  law  (/®)  (Hamilton  1980;  Stoll  1985.  Jensen 
&  Schmidt  1986). 

Apparent  attenuation  is  the  amplitude  decay  of  a  seismic 
pulse  resulting  from  the  scattering  of  energy  by  heteroge¬ 
neities  such  as  micfobeds  (O’Doherty  &  Ansiey  1971;- 
SchMnberger  <5:  Levin  1974,  1978;  Spencer,  Edwards  & 
Sonnad  1977;  Spencer.  Sonnad  &  Butler  1982,  Richards  & 
Menkc  1983;  Menke  1983;  Banik.  Lerche  &  Shuey  1985; 
Menke  &  Dubendorf  1985;  Lerche  &  Menke  1986).  In 
apparent  attenuation,  energy  is  redistnbuted  to  other  parts 
of  the  ^da.  unlike  mtnnsic  attenuation  where  energy  is 
removed  from  the  coda.  However,  its  affect  on  spectral 
content  is  difficult  to  distinguish  from  intrinsic  tosses.  Note 
that  includes  all  non-intnnsic  losses 

4  METHODS  TO  ESTIMATE  Q 
4,1  Spectral  ratios 

The  spectral  ratio  (SR)  method  uses  the  ratio  of  the 
amplitude  spectra  of  different  arrivals  to  estimate  Q 
Vanations  of  the  spectral  ratio  method  have  been  used  by 
Jannsen,  Voss  &  Theilen  (1985)  and  Jacooson  (1987)  to 
determine  compressional  Q,,  in  marine  sediments.  We  chose 
the  spectra!  ratio  method  since  the  PS  and  PSSS  reflections 
arc  observed  for  the  same  source  and  receiver,  ani  the 
shear-wave  ray  paths  are  virtually  the  same.  When  the  ratio 
of  the  amplitude  spectra  of  these  phases  are  taken,  source 
and  receiver  effects  cancel. 

We  use  the  PS  reflection  (the  dashed  ray  path  m  Fig  5)  at 
the  reference  depth.  Zo,  as  our  reference  signal,  with 
associated  amplitude  spectrum  5,(w)  TTie  amplitude 
spectrum  52(.o)  of  the  PSSS  phase  (solid  ray  path  m  Fig  5) 

IS  related  to  15, (cu))  by 

|^(w)I  =  |5’,(<y)^?9i|  exp  (-2cr(c,  -  Zo)\. 

where  ^  is  a  ratio  of  geomeincal  spreading  terms  and 
contains  reflection  and  transmission  coefficients,  assumed 
independent  of  frequency.  Here  Zq  is  the  depth  at  the 
water/sediment  interface  and  Zy  is  the  depth  at  the  sediment 
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basement  mterfacc.  Taking  the  natural  log  of  the  ratio  of 
'the  two  spectra  giv^ 

|n  SR(<a)  =  In  j  =  In  l<SSil  -  2a(z,  -  2„).  (10) 

Letting  2(2,  -  z<^  »  Tf,s  where  T  is  the  traveltime  difference 
between  successive  shear  multiples  arid  is  the  average 
shear>wave  velocity  in  the  sediments*  and  substituting  fc~  or 
with  (S)  we  have 

In5/?(w)**consl- 0^) 

in  which  const  is  a  term  independent  of  (a  that  includes 
spreading  and  transmission/conversion  losses.  This  last 
expre^ion  differs  from  the  expression  obtained  by  Jannsen 
et  al  (198i)  only  in  the  constant  term.  Note  that  if  Q  is 
independent  of  e>.  then  equation  (11)  describes  a  straight 
line  with  slope  o,  ■  -(r/2)Q“*.  Below  we  determine  the 
value  of  e,  by  a  least>squares  fit  to  the  spectral  ratios  From 
this  slope  we  obtain  an  effective  ffequency*independent 

C-*. 

A  similar  procedure  is  used  if  0  is  frequency  dependent. 
Then  we  expand  in  a  Taylor  series  about  a 

reference  frequency 

+  (12) 
Subsliiuting  (12)  into  (II)  we  get 
ln5R«o)-con5t  -I[0-'«o,)-  0,0^]  «  -[0 

(13) 


It  IS  important  to  note  that  the  Q  estimated  from  data  in 
t^  manner -is  an  effective  Q,  which  includes  intnnsic 
attenuation,  apparent  attenuation  due  to  scattering  and 
intrabed  multiples,  interference  and  leakage  to  other  paths. 
The  relative  importance  of  these  mechanisms  will  vary  with 
sediment  type  and  the  complexity  of  the  velocity  structure  in 
the  sediment  column. 

wc  are  companng  phases  for  the  same  source  and 
reviver,  source  and  receiver  directivity  factors  wilt  not 
affect  the  relative  amplitudes.  From  (10)  we  see  that  the 
slope  of  the  $R  plot  is  independent  of  the 
reflection/transmission  factor  d!  and  of  the  spreading  term 
%  The  intercept,  of  the  least*squares  ht  to  the  SR  plot 
gives  an  estimate  of  In  Below  wc  use  synthetic  data  to 
examine  how  closely  /sr  matches  the  true  value  of  In  \^^\. 

4,2  Peak  amplitude  ratios 

Sediment  Qfi  can  also  be  estimated  from  the  ratio  of  the 
time  domain  amplitude,  r,,  of  PS  to  the  amplitude,  S2,  of 
PSSS  (Fig.  S).  In  order  to  estimate  in  this  fashion,  we 
need  to  correct  s,  and  for  losses  due  to  transmission  and 
phase  conversion.  For  a  perfectly  elastic  medium. 

and  Sj  * 

in  which  is  the  source  amplitude,  and  R  and  G  are  the 
refleciion/transmission  coefiictent  and  spreading  terms,  with 
subsenpts  1  and  2  referring  to  the  PS  and  PSSS  phases, 
respectively.  As  we  have  shown  above  that  the  difference 
between  the  ray  parameters  p,  and  Pi  for  PS  and  PSSS, 
respectively,  is  negligible,  the  water  paths  are  nearly 
identical  and  can  be  neglected.  Then  R^,  corresponding  to 
the  PSSS  reflection  in  Fig.  5,  has  the  form 


which  IS  quadratic  in  (u.  This  gives  a  frequency^dependent 
at 

2 

Q“'(wo)"-^(o,  +  wo«j).  (14) 

where  <2,  and  are  the  coefficients  of  w  and 
respectively.  The  cocuicients  a,  and  oj  are  estimated  by  a 
least’squares  quadratic  fit  to  the  spectral  ratios.  It  can  bo 
seen  that  when  <i2«0.  (14)  reduces  to  the  constant  Q 
estimate  obtained  from  (U). 

The  PS  and  PSSS  reflections  in  the  OBS  data  contain 
noise.  If  the  noise  power  is  con>tant,  and  5,  and  5;  are  the 
noise  free  signal  spectra  and  S„  is  the  noise  spectrum,  then 

i*,  + 

Since  S2  IS  less  than  5,  In  general,  the  magnitude  of  this 
inequality  will  increase  with  frequency  since  Sj  decreases 
v'.th  frequency  faster  than  5,.  This  reduces  the  slope  of  the 
SR  curve,  giving  a  Q  estimate  that  is  larger  than  the  true  Q 
Ginsequently,  we  subtracted  the  noise  power  from  both  PS 
and  PSSS  prior  to  taking  the  ratios  as 

uhere  •S^«.n(cu)  is  the  wavelet  spectrum  that  includes  noise 
We  used  a  portion  of  the  data  pnor  to  the  first  arrival,  with 
the  same  length  as  the  signal  window,  for  the  noise  estimate 


Rz  *  Fp/d^rs^ss^ss) 


(15) 


where  Tie  and  are  the  transmission  and  reflection 
coefficients  at  the  water/sedimenl  interface,  and  Rp^  and 
Ris  are  the  reflection  coefficients  at  the  sediment/basement 
interface.  The  supersenpts  refer  to  the  direction  of 
propagation,  whereas  the  left  subscript  denotes  the  incident 
phase  and  nght  subscript  denotes  the  resultant  phase 
The  amplitudes,  and  s^.  are  the  maxima  of  the 
envelope  Unctions  for  the  PS  and  PSSS  wavelets  The 
envelope  function  is  computed  by  taking  the  square  root  of 
the  sum  of  the  squared  time  senes  and  its  squared  Hilbert 
transform  Since  only  the  last  leg  is  constrained  to  be  S, 
PSSS  also  includes  contributions  from  the  SPSS  and  SSPS 
phases  This  gives  the  ratio  of  the  peak  amplitudes  of  the 
sediment  shear  reflections  for  nearly  vertical  P  and  5  ray 
paths  as 


(16) 


where  the  subscripts  P  and  S  refer  to  P  and  5-waves,  /?,. 
Ri.  R\  and  R^  correspond  to  the  reflection/transmission 
coefficients  for  the  PS,  PSSS,  SPSS  and  SSPS  phases, 
respectively,  and  the  or  terms  are  the  attenuation  factors 
where  those  terms  assoaated  with  Sj  identified  by 
pnmes  Note  that  the  left-hand  side  of  (16)  is  a  ratio  of  time 
domain  amplitudes  whereas  the  right-hand  side  has  terms  in 
<Xp,  or,  etc  which  depend  on  frequency  We  give  meaning  to 
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(16)'  by  specifying  that  the  frequency  to  be  used  in 
evaluating  Op  and  is  /,,  the  centroid  of  the  spectrum  of 
PS,  and  that  t^e'frequency  to  be  used  in  evaluating  a},  and 
as'ts  fi,  the  centroid  of  the  spectrum  of  PSSS  Substituting 
for  a  using  (5)  and  rearrariging  gives 


Qs°4,^Tn’” 


where  AT  is  the  traveltime  difference  tp^ss“*rs»  A® 
/,  - 3/2,  «=  (/?3  +  +  R^yPi,  and  and 

are  the  average  S-wave  and  P«wave  velociiie;  m  the 
sediments.  Note  that  In  corresponds  to  the  intercept  tn 
(11).  For  synthetic  traces,  we  use  model  parameters  to 
compute  the  frequency-dependent  velocities  with  the 
dispersion  relation  used  tn  reflectivity  computations.  The  ray 
parameters,  p.  for  the  PS  and  PSSS  phases  are  determined 
from  (2).  To  compute  P,,  we  obtain  the 
reflection/transmission  coefficients  from  equations  (5.39)  of 
Aki  &  Richards  (1980).  9  is  obtained  from  the  ratio  of 
cosd(p)  (</A/dO)"*^  for  the  two  phases,  in  which  the 
horizontal  sensor  directivity  term,  cos  d{p),  associated  with 
the  shear-wave  velocity,  at  the  receiver  is  given  by 
cos d(p) »  vT-p^,  dA  IS  the  cross-scctionai  area  of  the 
ray  tube  at  the  receiver,  and  dO  is  the  solid  angle  of  the  ray 
tube  at  the  source.  We  compute  dA/dQ  as 


dA/dQm 


XidXldp) 

PCw 


where  X 1$  the  honzonial  range,  and  Cw  is  the  water  velocity 
at  the  source.  For  a  multilayered  model,  dX/dp  1$  given  by 


dp'^x{\-p^c))^' 


with  hj  and  Cj  the  thickness  and  phase  velocity  in  the  ;th 
sediment  layer.  The  directivity  terms  cos  6(p)  have 
negligible  effect  since  the  rays  are  nearly  vertical  and 
Pi*»P2.  If  the  sediment  shear-wave  veloaty  is  significantly 
less  than  the  compressional-wave  velocity  and  A  is  not  too 
different  from  the  second  term  on  the  nght-hand  side  of 
(17)  IS  small  and  can  be  neglected  in  a  flrst-order 
approximation  of  Q  These  formulae  are  used  below. 


5  DISPERSION  RELATIONS 

Anelasticity  in  earth  materials  results  in  the  dispersion  of 
seismic  waves.  Attenuation,  characterized  by  the  mtnnsic 
quality  factor  Q,  causes  a  wavelet  to  broaden  and  flatten 
dunng  propagation.  In  reflectivity  modelling,  attenuation  is 
introduced  by  making  the  seismic  velocities  complex. 
Depending  on  the  dispersion  relation,  the  specification  of  a 
reference  veloaty  and  a  reference  Q,  as  well  as  additional 
parameters,  are  generally  required  However,  improper 
selection  of  the  additional  parameters  can  cause  either  c{ia) 
or  Q{q))  as  calculated  for  synthetic  seismograms  to  be 
significantty  different  from  the  reference  values  away  from 
the  reference  frequency  In  order  to  make  syntheses  for 
testing  a  method  of  eXiractmg  Q  from  data,  we  need  to 
examine  flrst  the  vanation  of  c  and  Q  with  oi. 

Based  on  a  vanety  of  assumptions,  methods  and 
approximations,  several  investigators  have  denved  nearly 
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identical  dispersion  relations  for  band-limited  nearly 
constant  Q  using  a  standard  linear  solid  for  their  viscoelastic 
model  (e.g  Futterman  1962,  Liu  ei  al.  IS>76;  Kanamori  & 
Anderson  1977)  In  a  different  approach.  Strick  (1967. 197(0 
used  the  power  law  (6)  to  obtain  an  expression  for  c(w)  that 
does  not  require  bandwidth  specification.  Both  the 
band-limited  and  the  Stnek  relations  require  the  selection  of 
parameters  that  affect  the  frequency  dependence  of  c  and  of 
Q,  and  the  resulting  waveforms. 

In  contrast  to  these  nearly  constant  Q  models. 
Kjartansson  (1979)  gives  a  linear  descnption  of  attenuation 
with  Q  exactly  independent  of  frequency,  attenuation  is 
completely  specified  by  Cq,  the  phase  velocity  at  a  reference 
frequency  A,  and  by  Q.  Kjartansson's  model  requires  the 
phase  velocity  to  be  slightly  dependent  on  frcqut^ncy 

V/e  review  several  dispersion  relations  to  examine  their 
potential  differences  and  the  influence  of  parameter 
selection.  Here  it  is  useful  to  have  Q  defined  m  terms  of 
complex  seismic  phase  velocity,  c(ci)).  by 


Q(ij)mQ.S 


^fI/c(Q;)i 

J»^(l/c(w)r 


im 


This  delinitton,  from  O’Connel  &  Budiansky  (1971?).  is 
neaHy  equivalent  to  deflmtion  (3)  for  body  waves,  but  it 's 
more  convenient  than  (3)  because  neither  the  change  in 
amplitude  nor  the  cycle  length  needs  to  be  determined. 


•  Absorption  Band  (ABO)  rule  (Lm  el  al,  1976),  modified 
from  Mallick  &  Frazer  (1987): 


c(w)"Co 


’(U2(a?3  \ 

■  (Ol{(Oi  -  »w)J  /’ 


(19) 


Here  Co>  and  Cm  ^re  input  parameters.  The  radian 

frequencies  a>|  and  tu:  are  intended  to  be  chosen  so  that 
<u, « (0  « (1)2  in  the  band  of  interest.  The  reference  velocitv 
Co  IS  the  velocity  of  the  medium  both  at  to  uO  and 
Note  that  the  given  by  this  rule  js  not  equal  to  the 
parameter  Qm.  Q{o^)>Q,t,  for  all  o,  but  Qito)  is  only 
slightly  greater  than  for  w, «cu«tU2  Notice  that 
C(<y)-*®  both  in  the  limit  and  m  the  hmit 


♦  power  Law  (PLQ)  rule  (Stnek  1967,  1970),  a  modified 
version  of  Stnek’s  Power  l^w  as  presented  in  Mallick  & 
Frazer  (1987)’ 


+  - : —  (20) 

c(a>)  /on\{€-i(i>y 

Here  ko,  e,  and  a  are  the  input  parameters  However,  it 
IS  usually  more  convenient  to  deflne  by  the  relation 
ito®  I^Uol®/2c»Cm  3rid  then  to  regard  c„,  tUo.  Qm>  and  a 
as  input  parameters.  In  consequence  of  the  above  deflnicion 
of  ko,  equation  (20)  implies  that  for  oj »  e 


Q„,  +  ^  cot  (an/2). 

Notice  that  Q(oj)  is  greater  than  Cm  whenever  (oXOf 
Substituting  the  expression  for  k^  into  (20)  gives 

_L=.l  [1+ jL__!ii:2!l_' 

c(fi>)  2Cm  /o:r\  . 

I  sin  (^--1  (c  -  lo)*" 


■m  P.  D.  B^oinirski.  1.  N.  Frazer  and  F.  K.  Duemebur 

It  can  be  seen  that  c.  is  the  seismic  velocity  in  the  limit  as 

parameter  c  was  introduced  by  MalUck  &  Fmer 
(1987)  to  remove  the  velocity  singulanty  at  w ^ 
e  should  be  chosen  so  that 

interest-  we  use  c  =  0.001.  Following  Stnck  (1970).  we  use 
a=0X  thought  to  be  suitable  for  most  earth  matenals. 

.  Constant  Q  (CQ)  rule  (Kjartansson  1979); 

/ia>Y  (21) 

Here  c„,  cuo  and  y  are  the  input  ‘v 

often  more  convenient  to  define  y  by  y  - 

ZL  bvc„-c  /cos(ny/2)sothatc„,®oandC„aretne 

Tnd  Ihe  PLQ  rule,  the  CQ  rule  gives  a  seismic  velocity  that 
increases  with  frequency. 

For  testing  out  procedures,  we  requite  synthetic 

sehm'ograrcomputeifboth 

Porte  r*:? 

fml  and  Ofto)  for  three  dispersion  relations.  Qeatly  the  Q 
mven'S  .  relations  can  differ  significantly  f~m 
he  inpm  parameter  and  e„  away  f™"- 
frenuencv  In  selecting  values  for  the  parameters  to,  and  <0j 
•IT,  ABO  and  a  in  the  PLQ  relations,  there  is  a  trade-off 
^tw  en  ™7and  e(u,).  Keeping  fi 
^av  from  to,  causes  c(<u)  to  diverge  tno« 

tignificantly  from  the  CQ  F®/  ,Tj^!o01 

rr-ToWeSd^s" 

»th  tu  -0.1  and  uij-1000  (dotted).  For  'he  ABQ 

mlation  as  <u,  decreases.  c(<u)  increases.  Examination  of 

fl91  and  Fig.  6(a)  indicates  that  ABQ  increases  the 
vilocitv  of  a  pulse,  whereas  PLQ  gives  the 
ddaTgcncrally  expected  in  a  dispersive  medium.  H®*‘’«; 
we  Mc  in  Fig.  6(b).  obtained  from  c(<u)  using  (18).  itat 
PW  gives  (7{<u)  considerably  greater  than  '®' 

•To  see  thi  differences  in  the  resulting  waveforms,  we 
computed  ‘h=_P>anc^«ave  »l_u..o.»  foMhj  K 

%"|ig“  6(trsh”«.  'the  waveforms  are  similar  in  sha^ 

^  hol  the  arrival  times  differ  from  the  10s  time  exp«ted 

tT— ” 

TvT™'  approa^ch  the  same  amplitude  and  'h®^ 

v/r  Note  that  the  input  velocity  and  Cm 

sasssH 

:!:rhaMhe  Q(U„  and  c(»)  .TuIl  Si 

However  it  is  unclear  what  values  of  fco  2* 
unconsolidated  sediments  and  whether  these  param 


fi,„  6.  Resulti  h®”  7"“TnncT  imru'^Ts^^^^^ 

(2(u)  calculated  using  (18).  a  J  ^  tcfeicncc  velocity 

wave  propagation  through  ^  expected  arnval  time 

of  Urns-  and  a  reference  Q  ^ 

“uw-Q»  £ 
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should '■  vary '  with  matenal^  type;  Since  the  modelting  of 
seismic  jdata- involves  the  matching’ of  traveltimes  and 
amplitude,  it  is  clear  that  different  dispersion  relations  can 
require' distinctly  different  input  models  to  obtain  similar 
synthetic  ^ismograms.  The  differences  m  the  Q((i>)  and 
c(q))  curves  emphasize  the  imjxirtance,  in  modelling  studies, 
of  explicitly  stating  the  dispersion  relation  and  its  input 
parameter  values. 


6  NUMERICAL  TESTS  ON  SYNTHETIC 
DATA 


Reflectivity  synthetic  seismograms  were  computed  using 
both  the  CQ  and  PLQ  dispersion  relations.  V/e  used 
/o  B 1  Hz  as  the  reference  frequency  for  both  relations.  For 
the  PLQ  computations,  we  used  aaO.l  and  e  ^0.001.  with 
Cm  and  Q„  the  reflectivity  model  velocity  and  model  Q, 
respectively.  For  the  CQ  computations,  c,n  ^nd  arc  the 
reflectivity  model  parameters.  The  code  used  to  generate 
the  synthetic  seismograms  was  developed  by  Mallick  & 
Frazer  (1987,  1988).  In  this  study,  a  variety  of  sediment 
models  were  used  to  test  the  accuracy  of.the  spectral  ratio 
(SR)  and  peak  amplitude  ratio  (PAR)  methods  for 
estimation.  SR  and  PAR  give  effective  Qfi ,  equation  (8),  as  the 
leflectivity  synthetics  include  all  multiples  and  converted 
phases. 

From  single«channel  reflection  data  and  core  logs  from 
dnlling  (Duennebier  et  ai  1987),  it  is  certain  that  the  actual 
sediment  column  at  Hole  581C  has  vertical  heterogeneity. 
Hence  we  require  a  deflnition  of  intrinsic  Q  for  an  ndayer 
sediment  proflie.  A  natural  deflnition  is  obtained  by 
considering  the  effect  of  the  intrinsic  Q  of  each  layer  on  a 
vertically  travelling  seismic  wave.  The  amplitude  loss  of  the 
w.'.ve  in  layer  j  due  to  intnnsic  attenuation  can  be  expressed 
as  expl-cuAy/TcyC/).  in  which  hj,  Cj,  and  Qf  are  the 
thickness,  phase  velocity,  and  Q  in  layer  /,  and  is  the 
anguWr  frequency.  Ttie  loss  for  a  stack  of  n  layers,  L„  is 
then 


(22) 

Nett,  we  define  d  to  be  the  total  thickness  of  the  stack, 
divided  by  the  total  traveltime;  thus 


'2c, S,  2CjQ2 

*2c,cJ  J' 

(23) 


Finally  we  define  the  effective  intnnsic  Q  of  the  stack, 
by  wnling 


-exp 


I  2lQ,i 

Solving  (22)  and  (24)  for  Qt  then  yields 


(24) 


Qi 


Bt  y  hf 


(25) 


In  these  equations  the  c,  and  Qj  are  frequency-dependent 
quantities  computed  using  the  dispersion  relation  for  the  /th 
layer  For  the  multilayer  sediment  models  in  this  study,  we 
refer  to  Qi  in  (25)  as  the  true  Q  In  discussing  our  tests  on 
synthetic  data,  we  will  say  that  a  method  gave  the  correct 
result  if  the  Q  recovered  by  the  method  was  equal  to  Q| 
given  by  (25). 


6.1  Synthetic  data 

Here  we  discuss  the  synthetic  record  sections  used  to 
develop  and  lest  our  SR  and  PAR  methods  for  extracting 
Qfi.  Recall  that  in  the  SR  method  we  must  first  estimate  the 
spectrum  of  PS  and  the  spectrum  of  PSSS,  is  Ihcn 
obtained  from  the  slope  of  the  ratio  of  these  two  spectra. 
The  synthetic  traces  were  computed  with  a  Nyquist 
frequency  of  40  Hz,  consistent  with  the  OBS  data  sampling 
interval  of  0.012Ss.  We  used  55  point  windows  for  PS  and 
PSSS  in  order  to  match  the  length  of  the  PS  coda  in  the 
OBS  data  at  0.41  km  (Fig.  3).  Prior  to  transforming  to  the 
frequency  domain,  the  mean  was  removed  and  a  10  per  cent 
Hanning  taper  was  applied  to  the  windowed  phases.  Tests 
showed  that  256  point  windows  padded  with  zeros  gave  the 
best  results.  Although  tapenng  the  window  ><  unnecessary 
for  synthetic  data  from  simple  models  free  of  noise,  we 
include  the  taper  in  our  tests  since  the  OBS  data  may 
a>ntain  other  phases  and  noise  arnving  close  to  the  PS  and 
PSSS  wavelets. 

The  airgun  source  function  and  the  theoretical  instrument 
response  were  included  in  our  modelling  to  facilitate  direct 
comparison  of  synthetics  to  the  OBS  data.  .At  first  glance  it 
might  be  surmized  that  the  source  and  the. instrument 
functions  should  be  self-cancelling  in  both  the  SR  and  PAR 
methods.  In  theory  they  arc  not  exactly  self-cancelling  m  the 
SR  method  because  a  long  source-instrument  wavelet  may 
cause  the  tails  of  the  PS  and  PSSS  arrivals  to  be  outside 
their  respective  windows,  they  are  not  r  ictly  self-cancelling 
in  the  PAR  method  because  of  the  '  ..^ible  interference  of 
other  phases  with  PS  and  PSSS  Accordingly,  in  the 
synthetic  seismograms  used  below  to  test  our  methods  for 
estimating  Qfi,  we  included  a  source  and  instrument 
response  similar  to  those  of  the  data.  However,  we  also 
tested  our  SR  and  I  AR  methods  with  a  vancty  of  other 
source-instrument  wavelets,  including  the  unit  (delta 
function)  wavelet.  We  found  that  both  methods  were 
relatively  insensitive  to  the  source-instrument  wavelet;  the 
other  factors  discussed  below  such  as  noise,  clipping,  and 
interference  had  much  larger  effects. 

The  HIG  OBS  honzontal  component  instrument  velocity 
response  is  relatively  flat  between  3  and  20  Hz  (Sutton  et  al 
1980)  where  most  of  the  energy  m  the  data  is  found  (Fig  4) 
The  instrument  response  was  computed  with  the  formula  in 
Table  IV  of  Sutton  a  al.  (1981)  using  r* »  0  035  The  Soviet 
airgun  source  was  modellea  using  a  modified  form  of  the 
explosive  source  function  presented  in  Spudich  &  Orcutt 
(1980).  The  spectral  content  of  the  airgun  source  wavelet  is 
a  function  of  the  airgun  volume,  chamber  pressure,  and 
depth  llie  source  function  parameters  that  control  the 
bubble  pulse  decay  were  estimated  by  comparing  the 
amplitude  spectrum  of  the  source  wavelet  convolved  with 
the  instrument  response  with  the  water  wave  from  OBS 
hydrophone  data  at  about  13  km,  where  the  water  wave  is 
not  severely  clipped  as  in  the  near  traces  (Fig.  7).  TTie  peaks 
m  the  amplitude  spectra  of  the  convolved  wavelet  and  the 
OBS  water  wave  at  about  9  Hz  match  reasonably  well  (Fig 
7),  as  does  the  fall-off  in  the  spectral  estimates  between  the 
first  and  third  peaks  Since  the  water  wave  in  real  data  is 
contaminated  b’  the  sediment  basement  P  reflections,  as 
well  as  by  refracted  phases  and  surface  waves  not  included 
in  the  convolved  wavelet,  we  can  only  approximate  the 


474‘  P-'^DjBrbmirskifl:.  Frazer  and  F,  K^^Duennebier 


Frequency  (Hz) 

Figure  7.  Amplitude  spectra  for  the  source  wavelet,  source 
convolved  with  the  instrument  response,  and  water  wave  from  the 
OBS  hydrophone  data  at  about  13  km^  The  wavelets  giving  these 
spectra  are  shown  at  the  right. 

shape  of  its  spectrum.  To  match  the  water  wave  spectrum, 
we  need  an  accurate  sediment,  model  and  an  accurate 
transfer  function  between  the  instrument  and  the  sediments 
in  which  it  rests. 

Spikes  or  holes  in  the  spectral  ratios  can  be  caused  by 
other  arrivals  in  the  same  time  window.  Holes  in  either  of 
the  spectra  due  to  time  series  discretization  can  also  cause 
the  SR  curve  to  be  irregular.  When  the  spectral  estimate  of 
FSSS  is  greater  than  that  of  PS  at  the  same  frequency,  or 
when  the  PS  and  PSSS  spectra  are  significantly  dissimilar  in 
shape,  interference  with  another  phase  or  with  noise  is  the 
likely  cause.  The  longer  the  source-receiver  wavelet  and  the 
more  complicated  the  sediment  structure,  the  greater  the 
chance  that  interference  effects  will  be  encountered.  As 
interference  is  likely  in  real  data,  we  smoothed  the 
amplitude  spectra  using  a  j,  ^  smoothing  function  before 
taking  the  spectral  ratios.  The  degree  of  acceptable 
smoothing  was  established  with  tests  on  simple  models 
where  apparent  attenuation  would  not  be  a  factor,  and  we 
could  ensure  that  the  trend  of  the  SR  curve  was  not 
distorted.  We  found  that  five  passes  through  the  smoothing 
function  gave  minimal  distortion  of  the  SR  curve.  The 
bandwidth  for  (east*squares  estimation  was  restneted  to 
those  frequencies  where  the  general  trend  of  the  SR  curve 
was  approximately  the  same  as  that  near  the  dominant 
frequency.  The  difference  between  the  true  Q  and  the 
estimated  Q  is  the  measure  of  error. 

6.2  Tests  oa  one*  and  two<layer  sediment  modeb 

The  application  of  the  spectral  ratio  (SR)  method  to 
synthetic  seismograms  computed  using  the  Constant  Q  rule 
for  one-layer  sediment  models  with  of  50.  100  and  150 
(Table  !)  recovered  the  intnnsic  model  Qg  with  an  error  less 
than  5  per  cent  The  spectral  ratio  curves  for  these  models 
are  virtually  linear  and  are  consequently  not  shown. 


Table  1.  Input  parameters  for  one-layer  sediment  models  with 
velocities  c,.  in  km$"‘  and  density  p  in  gmem"’ 
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Although,  as  noted  above,  the  source  and  instrument^'are 
not  exactly  self-cancelling  in  the  SR  method,  our  tests  of  SR 
for  these  models  wth  and  without  the  source  and  instrument 
functions  gave  result  that  were  insignificanily  different.  The 
^ak  amplitude  ratio  (PAR)  method  Qp  estimates  were 
between  10  and  20,pcr  cent  below  the  model  Q.  To  assess 
the  sensitivity  of  the  PAR  method  to  the  frequency 
parameters  in  equation  (17),  we  also  computed  Qp  from 
(17)  by  substituting,  in  turn,  “2/,,  -2/2,  and  /« 
-^(/i +/2)/21,  in  place  of  fy  These  substitutions  were 
motivated  by  the  expectation  that  fi  would  not  be  too 
different  from  /(. 

The  most  accurate  PAR  results  for  both  low*  and  high*Q 
models  were  obtained  with  f  in  place  of  fy  although  -2/, 
and  -2/2  in  place  of  fy  gave  smaller  errors  for  high*  and 
low*Q,  respectively  The  PAR  results  using  /  in  place  of 
were  within  5  per  cent  of  the  model  Q.  This  improvement 
may  result  from  /  compensating  for  the  band*limited  nature 
of  the  source  spectrum.  We  use  /  in  place  of  /j  for  the 
remainder  of  the  PAR  tests  unless  otherwise  stated. 

The  spectral  ratio  intercept  4r  from  equation  (10)  gives 
an  estimate  of  the  $hear*to*shear  reflection  coefficient  at  the 
sediment/basement  interface  Rfs 

l«wl~|R,l  =  «p(/sR-ln|«))-  (26) 

Nole  that  the  PS  reflection  cocfiicients  in  ft,  and  /?j. 
equation  (16),  essentially  cancel  because  p,  ■•p:  and 
because  R)  and  R.  make  only  small  contnbuiions  to  SI,, 
Also,  the  spreading  ratio  9  is  easily  computed  if  the 
sediment  thickness  is  known.  Equation  (26)  gives  a  lower 
bound  (or  /?«  since  layenng  within  the  sediment  column 
and  conversion  of  S-lo-P  at  the  water  bottom  will  make 
ia,|<|/ijs|.  In  general,  Ris  Will  be  negative  since  we 
expect  a  signifleant  increase  in  c^,.  Cp  and  p  at  the 
sediment/basement  interface. 

For  the  one-layer  models  in  Table  1,  (26)  gave  R55  within 
5  per  cent  of  the  model  value.  In  addition,  increasing  the 
sediment  Qa  and  the  basement  Q^,  and  Qp  had  an 
insignificant  effect  on  the  accuracy  of  the  SR  and  PAR 
results  for  these  models.  This  indicates  that  Qp  determined 
by  these  methods  is  effectively  independent  of  other 
attenuation  parameters. 

To  test  the  robustness  of  SR  and  PAR  for  more 
complicated  sediment  structures,  horizontal  component 
synthetic  seismograms  were  computed,  for  both  low  and 
high  Qp,  with  a  relatively  strong  impedance  boundary 
within  the  sediment  column.  Table  2  gives  two  two-layer 
models  that  differ  from  each  other  only  in  the  Qp  of  the  two 
sediment  layers.  The  parameters  in  Table  2  serve  as  the 
input  model  parameters  to  the  dispersion  relations  of  the 
reflectivity  code  Table  3  gives  the  actual  velocities,  at  9  Hz, 
of  the  models  in  Table  2,  computed  by  the  CQ  rule  (21), 
and  the  actual  Q%,  at  9  Hz,  computed  using  the  O'Connell  & 


Table  2.  Input  parameters  c*  and  used  in  computing  the 
synthetic  traces  in  Fig  8  Velocities  are  in  km  s'*  and  densities  arc 
m  gmem'*.  Actual  veloaties  at  9  Hz  are  given  in  Table  3 
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Table ''i.  Computed 'velocity  and  Q;at  9Hz  determined' from  the 
input;parameicri"c„  and.  m /Table  2. using -.the  Constant  Q 
dispcrsioiTrelkibn.  The'fwulling  intrinsic  Q.  given  by  equation  (25), 
is  50  for  ^diment  column  (a)  and  200  for  sedirhent  Mlumh  (b),  using 
^^■;b2kmsT*.  - 


Rcr 

Q,MiQsWi 

fi 

1  a(kml 

w«tr 

'  1 

-IS 

1  10000' 

iv-  :-i 

_ 2 _ 1 

tJO 

i  3  467 

s«6ffi«aU 

lu  1 

162 

1.  w 

1  0  16S  1 

1.0  ist  1 

r*? 

I  191  1 

IM 

1  0200 

Libl 

TST 

30.' 

'  04001 

l'b2S7  1 

LILJ 

1  226  1 

1.73 

!''0136' 

4  27 

[“SOI 

1 _ t 

2«  ! 

\*  231  1 

2  63 

1  — , 

Table  4.  Input  parameters  c«  and  used  in  computing  the  Power 
Law  synthetic  trace  in  Fig.  7.  Velocities  are  in  km  s'*  and  densities 
are  in  gmem"’.  Actual  values  of  veloaty  and  Q  at  OHz.  computed 
by  the  PLQ  dispersion  relation,  are  identicai  to  those  of  Table  3. 
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Budiansky  relation  (18).  The  intnnstc  of  the  stdiment 
column,  given  by  substituting  Tajle  3  values  into  equation 
(25),  is  50  in  case  (a)  and  200  in  case  (b).  Note  that  the 
Table  3  values  are  also  obtained  from  the  PLQ  rule  at  9  Hz. 
using  the  input  parameters  c«  and  given  in  Table  4.  The 
nonlinear  nature  of  the  PLQ  dispersion  relation  required 
adjustment  of  the  velocities  as  well  as  Q  in  order  to  match 
the  sediment  Qff,  Cfi,  and  c«  in  Table  3.  Using  the 
mode)  parameters  in  Table  4,  (20)  gives  velocities  and  layer 
Q  within  1  per  cent  of  the  values  in  Table  3.  Note  the 
signilicant  difference  between  the  CQ  (Table  2)  and  PLQ 
(Table  4)  model  Qg  necessary  to  obtain  the  same  values  of 
01  and  i  for  the  sediment  column;  this  difference  was  noted 
earlier  in  the  curves  for  Q{oj)  and  c(((;)  in  Fig.  6. 

Fig.  8  shows  the  traces  computed  for  these  models  at  a 
range  of  0.41  km,  corresponding  to  trace  3  in  the  OBS  data 
(Fig  3)  Fig.  9  shows  the  ray  paths  of  the  major  arrivals 
identified  on  the  bottom  trace  in  Fig.  8.  In  Fig.  9.  all  ray 
paths  not  labelled  P  are  S,  and  phases  resulting  from 
reflection/conversion  at  the  intrasediment  boundary  ate 
dashed.  Additional  layers  significantly  increase  the  multi* 
pathing  and  the  complexity  of  the  seismic  trace,  with  the 
number  and  amplitude  of  phases  observed  depending  on  the 
magnitude  of  the  impedance  contrast  between  the  layen. 
The  seismogram  for  the  PLQ  model  with  mtnnsic  0,i  «200 
IS  also  plotted  in  Fig.  8.  As  expected,  very  little  difference 
can  be  seen  between  the  traces  for  the  CQ  and  PLQ  models. 
The  close  similarity  of  these  traces  demonstrates  that 
identical  synthetic  seismograms  can  be  obtained  from 
signihcantly  different  input  models  when  different  dispersion 
relations  are  used.  The  amplitude  spectra  for  the  CQ  and 
PLQ  models  also  show  only  slight  differences  (Fig.  10a). 
The  PLQ  trace  for  intrinsic  0/s  ”  ^0  omitted  because  it  is 
similarly  indistinguishable  from  the  corresponding  CQ  trace 
and  amplitude  spectrum  (case  (a).  Table  2). 

Fig  i0(a)  shows  the  smoothed  amplitude  spectra  of  the 
PS  and  PSSS  wavelets  in  Fig.  8.  The  resulting  spectral  ratio 
curves  arc  shown  in  Fig  10(b).  The  differences  between 
these  models  can  readily  be  seen  in  the  relative  amplitudes  of 
the  PS  and  PSSS  phases,  their  amplitude  spectra,  and  the 
slope  of  the  SR  curves.  Assuming  constant  Qp,  a  straight 
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Figure  8.  Reflectivity  synthetic  traces  for  the  two>tayer  sediment 
models  of  Table  3  showing  the  wavelets  selected  for  Q  analysis  for 
the  CQ  models.  Ray  paths  for  the  arrivals  identified  on  the  lower 
trace  arc  shown  in  Fig.  9.  The  PL  trace  for  0  ■  50  is  omitted 
because  it  is  indistinguishable  from  the  CO  trace  for  0  «  50 


line  was  fitted  to  each  spectral  ratio  curve  and  equation  (11) 
was  used  to  estimate  Qp.  We  obtained  0^  «  52  ±  1.  m  the 
band  (3, 15)  Hz.  and  Qp  **  198  ±3,  m  the  band  {3,25]  Hz, 
for  the  low*  and  high*0  CQ  models,  respectively.  The  ± 
refers  to  95  per  cent  confidence  limits  for  the  least*square$ 
fit  to  the  spectral  ratios.  Recovered  Qp  varied  less  than  10 
per  cent  from  the  true  Qp  for  both  CQ  models  in  Table  2 
using  bandwidths  of  at  least  10  Hz  that  included  the 
dominant  frequency  of  9  Hz.  Estimates  without  tapenng  the 
wavelets  differed  from  these  results  by  less  than  5  per  cent. 
The  error  for  the  high*0  model  increases  slightly  as  the 
bandwidth  decreases,  with  Qp  ®  208  ±  10,  in  the  band 
(3, 15)  Hz.  The  general  trend  of  the  low*0  SR  curve  m  Fig. 
10(6)  changes  at  about  15  Hz,  restneting  the  useable 


ocean  surface 


Figure  9.  Ray  paths  for  the  amvtls  idenufied  on  the  bottom  trace 
(CQ.  0  «  200)  in  fig  8  The  downgomg  P*wave  legs  are  labelled 
P  All  olhcf  legs  arc  S*waves,  the  dashed  legs  result  from 
refleciion/conversion  at  the  intrasediment  {IPS)  boundary 
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Figure  10.  PS  and  PSSS  amplitude  spectra  (a)  and  assoaated 
>i)ectrai  ratio  (SR)  curves  and  estimates  (b)  of  the  CO  (sohd. 
Q  -  200,  dotted.  (2  •  50)  and  PLQ  (dashed.  Q  «  200)  traces  m  Rg. 
8.  Tbe  thin  lines  in  (b)  are  the  least-squares  his  for  the  band  in 
which  the  SR  estimate  was  obtained 


and  low  estimates  obtained  from  95  per  cent  confidence 
limits  for  the  least-squares  coeffiaents  <2|  and  Uj  in  (14).  The 
Qfi  estfmates  for  the  high-(2  model  have  greater  than  25  per 
ccM  error  for  bands  with  the  upper  hmit  less  than  18  Hz, 
I2is**267  in  the  band  (3,15)  Hz.  The  error  for  the 
high-(2  model  decreases  as  the  bandwidth  increases,  with 
Qp  =  222,  in  the  band  {3. 25]  Hz 

The  quadratic  least-squares  Qfi  estimates  from  PLQ 
synthetic  seismograms  (Fig.  10b)  do  not  recover  the  true  Qp 
as  accurately  as  the  linear  least-squares  procedure  applied  to 
Constant  Q  synthetics.  This  is  probably  due  to  averaging 
effects  over  the  band  for  which  the  quadratic  least-squares 
estimate  is  obtained.  For  some  bands,  the  quadratic 
least-squares  procedure  applied  to  PLQ  synthetics  gave 
errore  greater  than  50  per  cent  whereas  the  linear 
least-squares  proceJure,  applied  to  the  same  PLQ 
synthetics,  gave  Qp  estimates  within  10  per  cent  of  the  true 
(2  at  9  Hz.  For  example,  for  the  low-(2  PLQ  model  in  the 
{3, 15]  Hz  band,  we  obtained  Qp  ®  150  with  the  quadratic  fit 
and  (2/j“54  with  the  linear  fit.  For  the  high-Q  PLQ 
synthetics,  quadratic  fit  SR  Qp  estimates  are  generally 
within  40  per  cent  of  the  true  Qp.  However,  for  most  bands 
a  linear  fit  gave  Qp  estimates  within  25  per  cent  of  the  true 
Qp  at  9  Hz,  significantly  better  than  the  quadratic  fit 
estimates.  These  results  indicate  that  any  frequency 
dependence  of  Q  will  be  very  difficult  to  extract  horn  our 
06$  data. 

To  determine  the  usefulness  of  the  PAR  method  on  real 
data,  where  the  sediment  column  is  likely  to  be 
heterogeneous,  we  also  applied  the  PAR  method  to  the 
traces  in  Fig.  8.  When  estimating  Qp  using  the  peak 
amplitude  ratio  (PAR)  method  for  multilayer  sediment 
structures,  the  refiection  coefficient  term,  Si,  in  equation 
(17),  must  be  modified  to  include  the  5-wave  transmission 
coefficients,  7*jj,  and  Tfs  The  expression  for  the  PSSS 
reflection-transmission  factor  equation  (15),  then 
becomes 

R_  orf  7*“  7*“ 

2  »  /  SS^SS^  ss^^ss*  ss 


bandwidth  for  the  low-Q  model  This  is  because  the  spectral 
estimates  at  frequenaes  greater  than  about  15  Hz  (lower 
dotted  curve  m  Fig.  lOa)  approach  the  numencal  noise 
level,  related  to  a  combination  of  the  source  function 
spectral  content  and  the  low  Qp.  The  accuracy  of  these  SR 
Qp  estimates  suggests  that  layering  and  5-to-P  conversion 
do  not  present  problems  for  the  SR  method. 

We  also  used  the  quadratic  least-squares  procedure, 
equations  (13)  and  (14),  to  estimate  Qp  from  traces 
computed  using  the  PLQ  dispersion  relation.  The  quadratic 
least-squares  Qp  procedure  is  much  more  sensitive  to 
bandwidth  than  the  linear  least-squares  procedure  The 
most  accurate  Qp  ^timates  were  obtained  for  the  band 
where  the  significance  of  the  second-order  term  in  the 
quadratic  least-squares  fit  was  a  minimum,  as  detennmed  by 
standard  F-test  techniques  (Hines  &  Montgomery  1980) 
However,  the  quadratic  least-squares  results  of  Qp  s 
54  ±0.1,  in  the  band  (3. 15]  Hz,  and  **241  ±3,  in  the 
band  [3, 18]  Hz,  for  the  low-  and  high-Q  PLQ  models, 
respectively,  are  still  within  25  per  cent  of  (he  true  Qp 
values.  The  ±  refers  to  the  average  deviation  of  the  high 


For  the  low-0  two-layer  model,  PAR  results  using  both  the 
spectral  ratio  intercept,  /sr,  and  model  parameters  to 
estimate  gave  0^  estimates  within  10  per  cent  of  the 
true  0.  However,  I'le  estimates  for  the  two-layer  high-0 
models  are  about  3t)  per  cent  below  the  true  0  using  the 
model  whereas  substituting  cxp(/sr)  for  ^95,  in  (17) 
resulted  in  less  than  5  per  cent  difference  between  the 
estimated  and  true  Qp.  These  results  suggest  that 
interference  between  phases  resulting  from  conversion  at, 
and  reflections  from,  the  IPS  boundary  causes  a  reduction  in 
the  peak  amplitude  of  the  PSSS  reflection,  and  that  these 
interference  effects  are  included  m  the  SR  intercept  This 
surpnsmg  in  that  interference  is  a  frequency-dependent 
phenomenon  while  4r  should  contain  only  frequency- 
independent  components  In  addition,  the  interference 
effect  on  /sr  does  not  affect  the  spectral  ratio  results 

63  Noise 

Real  data  can  be  influenced  by  factors  not  usually  included 
m  synthetic  seismograms  such  as  noise  and  signal  ‘clipping’ 
due  to  limited  recording  dynamic  range  To  determine  the 
sensitivity  of  the  SR  and  PAR  methods  to  these  factors,  we 
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'applicd^diffefent'lleyels  of  signal  dipping  and^noise  to  the 
synthetic  data;  ' 

'.Tosdetc^ihe' the'^^  SR:meth6d'm  the 

^prelenw  of  hoiw;  we,a^<Jcd 'different  levels  of  noise  cne^y 
to^the.'high'^^.'wayelcis.  Noise,  was  incorporated  m  the 
synOicttc  wavelets  by^'  taking  a  portion  of  .the  corr^ponding 
OBS  Ma  trawjpreceding  the  water^ave/as;thjeJ  noi^ 
estimate  and'  addirig  it  to  both^the  W-and  'jP555- wavelets 
^pnor  to  transforming  to  the  frequency, domain^-Such  add^ 
noise •  has  a 'greater ^effect ' on  the  s^ctralfestjmatw  of  the 
lower,;  amplitude wayeld  than  «it  does. on  \Kc  higher 
amplitude  W.  We  also  generated  random,  or  white;  noise  in 
the  frequent,  domain  by  hxing'  the  noise  modulus  at  unity 
and  randomizing ,  the  .ph«e,  transforming  to  the  time 
domain,  and.  adding  the  result  to.  the  synthetic  iracc.  We 
express  the  percentage  of  noise  energy  as/lOOlc^to  of  the 
ratio  of  the  variance  of.the  noise  amplitudes  to  the  yaria^ 
of  the  signar+  noise  amplitudes  for  th'c*P55S  wallet.  AVhen 
obtaining  spectral  noise  estimates,  we  windowed  the  noise 
with  the  same  taper  used  on  the  signal. 

Subtracting  the  noise  power  from  the  spectral  power 
estimates  steepens  the  slope  of  the  spectral  ratios  and 
consequently  has  the  effect  of  lowering  the  Qp  estimate.  If 
noise  power  is  not  subtracted  from  the  signal  power  spectra 
before  the  spectra]  ratio  is  taken,  then  the  Qp  estimate  may 
be  higher  than  the  true  value.  The  high*Q^  models  are  more 
sensitive  to  noise  since  a  slight  change  in  slope  can  result  in 
a  significant  error  in  the  Qp  estimate.  Accordingly,  for  our 
noise  analysis,  we  use  the  high«(2  CQ  model  in  Table  2  with 

(2a -200 

A  linear  least*squares  fit  to  the  spectra]  ratios  was  made 
using  the  frequency  band  in  which  spectral  estimates  for  the 
PS  phase  were  at  least  3dB  greater  than  those  of  the  PSSS 
wavelet  and  the  spectral  estimates  for  both  phases  were  at 
least  3d6  above  the  noise  level.  These  acceptance  critena 
can  reduce  the  useable  bandwidth  significantly  and  exclude 
certain  frequencies  within  that  band.  Fig.  11(a)  shows  the 
wavelet  spectra  after  adding  about  5.5  per  cent  data  noise 
energy  to  the  hi«(2  CQ  model  trace  in  Fig,  8.  For  the  PS 
phase,  very  little  difference  can  be  seen  between  the 
amplitude  spectra  with  noise  added  (solid)  and  without 
noise  for  frequencies  less  than  30  Hz.  However,  for  PSSS, 
near  15  Hz  and  above  19  Hz  there  are  noticeable  differences 
between  the  amplitude  spectra  with  noise  and  without  noise. 
These  small  differences  significantly  affect  (he  spectral  ratio 
curve.  The  SR  curve  becomes  considerably  more  irregular 
(solid,  Fig.  11b).  But  the  Qp  estimate  obtained  with  the 
noise  power  subtracted  as  discussed  above,  using  those 
frequenaes  m  the  (3, 25}  Hz  band  that  meet  our  acceptance 
entena,  was  216  ±38,  still  within  10  per  cent  of  Qi-  In  Fig. 
11(b).  the  short  linear  portion  of  the  SR  curve  near  15  Hz 
shows  the  frequencies  not  used  in  the  fit.  Although  not 
subtracting  the  noise  power  does  not  appear  to  change  the 
shape  of  the  SR  curve  significantly  (dotted.  Fig  11b),  it 
results  in  a  Qp  estimate  of  248  ±  40  for  the  same  band;  thus 
the  bias  in  the  Q  estimate  increased  from  10  to  25  per  cent 
when  noise  was  not  subtracted.  Data  noise  gave  larger 
errors  in  the  Qp  estimates  than  did  random  noise,  so  we 
used  data  noise  for  the  remainder  of  our  tests. 

As  noise  levels  increase,  the  useable  bandwidth  nanows 
and  the  portion  of  the  amplitude  spectrum  above  noise  level 
becomes  smaller  and  more  distorted.  The  associated  SR 


Figure  11.  (a)  Amplitude  spectra  of  the  PS  and  PSSS  wavelets  m 
Fig.  $  with  about  5.5  per  cent  noise  energy  added  (solid)  for  the  CQ 
model  with  Q  «  200.  Also  shown  are  the  noise  free  spectra  (dashed) 
and  the  noise  estimate  (dotted),  (b)  Spectral  ratio  (SR)  curves  for 
the  spectra  in  (a)  with  the  noise  power  removed  (solid),  not 
removed  (dotted)  and  the  noise  free  case  (dashed) 


curves  are  more  irregular  with  more  frequencies  excluded 
Subtracting  the  noise  power  compensates  for  both  the 
reduction  in  slope  of  the  SR  curve  and  the  associated 
downward  shift  in  the  spectral  ratio  intercept.  We  obtain 
less  than  25  per  cent  error  between  measured  and  true  Qp 
with  the  addition  of  up  to  6.5  per  cent  noise  to  the  synthetic 
data  for  the  high-2  CQ  model.  For  the  one-layer  sediment 
models  in  Table  I,  and  for  multilayer  sediment  models  with 
lower  impedance  contrast  or  with  Qp  less  than  150,  we  find 
better  than  25  per  cent  accuracy  for  as  much  as  8  per  cent 
noise  energy  added  These  results  differ  somewhat  from 
those  reported  by  Janssen  ei  al.  (1985)  and  Tonn  (1991)  who 
obtained  greater  than  25  per  cent  error  for  the  addition  of 
more  than  5  per  cent  noise  energy  The  improved  accuracy 
we  obtained  may  be  due  to  the  lack  of  downgoing  5-waves 
through  the  water  column,  the  nearly  perfect  5-wave 
reflection  at  the  watcr/sedimcnt  interface,  the  subtraction  of 
the  noise  power  from  the  spectral  estimates  prior  to  taking 
the  ratios,  or  a  combination  of  the  above. 

For  the  PLQ  Qp  ®  200  synthetics,  the  addition  of  about  5 
per  cent  noise  energy  causes  Qp  estimates  to  be  more  than 
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^^.pcr  cent  differcnt  frdm  . the  true, G.  -.Wc  found  that  the 
'  linear .  lt^t*squarcs^  pfwedure  gave}  much  better  ^  ^timates 
than  the  quadratic  ht  for  PLQ  models  when  more  than  3  per 
ccm  npjj^  energy  was  added.-Fcr  example,'  for  the'g^  r  200 
PLQ  model  with  5  per  cent  nqi^.  vw  obtained  estimates 
of  144:  and  2n  using  ihe  quadratic  and,  hnwr^  leait^uares, 
procedures,  riKpectivciy.  Tliesc  results  indiMte  that;  when 
noise  is  present  in  harrow«band  data,  a  linear  approximation 
to  the  spectral  ratios  gives  the.mqst  rdiablc^Q^  «timatc  for 
both  frequency-dependent  andi  ^quehi^-inde^ndeht  Q. 
We  also  infer  that,  from  our  real  data,' sybi^  undoubtedly 
include  noise  and  interference  effects,  it  will  be  veiy  difftcuU 
to  determine  any  h'equency  dependence  of  C/j* 

The  peak  amplitude  ratio  (PAR)  method  was  also  tested 
wth  noise  for  the  one-layer  C^  « 150  model  (b)  in  Table  1. 
The  PAR  method  gave  better  results  tKah  the  SR  method  as 
the  noise  levels  increased  above  about  8  per  cent,  where  the 
SR  slope  became  negative.  The  PAR  estimates  of  were 
within  10  per  cent  of  the  model  Q  of  150  with  tip  to  25  per 
cent  noise  energy  added  using  the  model  in  (17).  This 
means  that  if  we  are  sure  the  sediment  column  is  nearly 
homogeneous,  if  we  know  the  sediment  thickness,  and  if  we 
can  make  a  good  estimate  of  then  sediment  can  be 
determined  accurately  even  in  the  presence  of  considerable 
noise  by  comparing  peak  amplitudes  of  selected  phases. 

6.4  Clipping 

Clipping  due  to  restrivted  instrument  dynamic  range  affects 
primarily  the  FS  reflection  for  the  near  traces.  The  gain  m 
the  OBS  record  section  used  in  this  study  was  set 
automatically  according  to  the  RMS  voltage  for  the  previous 
minute,  resulting  in  clipping  of  the  highest  amplitude  signals 
in  each  trace.  To  test  the  impact  of  clipping  on  the  .SR  Qp 
results,  we  applied  'hard'  and  'soft'  clipping  to  CQ  synthetic 
data  for  the  two-layer  model  with  Qp  »  200.  In  both  cases 
the  clipping  level  was  set  to  a  percentage  of  the  maximum 
amplitude  of  the  PS  wavelet.  For  hard  clipping,  all 
amplitudes  greater  than  the  clipping  level  were  set  to  the 
clipping  level.  We  limited  clipping  of  PS  to  levels  at  which 
PSSS  was  not  clipped.  As  can  be  seen  in  Fig.  12(a),  hard 
clipping  results  in  a  shift  of  energy  to  higher  frequencies, 
increasing  the  centroid  frequency  of  the  PS  spectrum.  In 
Fig.  12(b),  It  is  clear  that  increased  clipping  causes  greater 
distortion  of  the  SR  curves  between  3  and  20  Hz. 

For  soft  clipping,  the  wavelets  were  first  scaled  by 
sinh(1.0)/(c!ipping  level)  We  took  the  sinh"*  of  the  scaled 
amplitudes  to  obtain  the  soft  clipped  wavelets  shown  in  Fig 
13(a)  Companng  Figs  12(3)  and  13(a),  we  see  that  hard 
clipping  shifts  more  energy  to  higher  frequenaes  than  docs 
soft  clipping  In  Fig  13,  we  see  that  as  the  amount  of 
clipping  increases,  more  energy  shifts  to  the  higher 
frequenaes,  the  SR  curves  become  more  distorted,  and 
their  Intercepts  become  more  positive.  However,  the  SR 
method  still  yields  estimates  within  25  per  cent  of  the  model 
Q  with  up  to  50  per  cent  hard  or  soft  clipping  applied  to  the 
wavelets. 

Application  of  the  PAR  method  to  data  with  the  PS  phase 
clipped  will  give  an  upper  bound  for  Qp  if  we  have  a 
reasonably  good  estimate  of  %  As  expected,  the  PAR 
method  is  sensitive  to  clipping  and  gives  a  much  higher  Qp 
estimate  than  the  true  Q.  However,  using  ~2fi  and 
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Figure  12.  (a)  Amplitude  spectra  for  'he  FS  wavelet  m  Fig  8  with  0 
(solid),  35  (dashed),  and  50  per  cent  (dotted)  'hard'  clipping 
applied,  (b)  Spectral  ratio  curves  for  the  spectra  m  (a),  with  the 
spectrum  of  FSSS  in  Fig  10,  gave  estimates  for  Qp  of  201  ±5  4. 
281  ±36.  and  252  ±44  for  0,  35.  and  50  per  cent  clipping, 
respectively.  The  dashed  lines  are  the  least-squares  fits  over  the 
band  in  which  the  Qp  estimate  was  obtained. 


exp(4R),  in  place  of  and  the  model  respectively,  in 
(17),  gave  results  close  to  the  true  Q  In  addition,  as 
clipping  increases  above  35  per  cent,  the  centroid  frequency 
inaeases;  then  using  twice  the  dominant  frequency  for  the 
PS  reflection.  -2/,o.  m  place  of  /j  in  (17).  gives  Qp 
estimates  closer  to  the  true  Q  than  using  either  /,.  /,  or 
'‘2/i  For  the  source  function  employed,  the  difference 
between/,  and /„>  is  an  indication  of  the  amount  of  clipping 
present  in  the  data  These  results  show  that  the  amplitude 
spectrum  below  20  Hz  is  not  greatly  affected  by  moderate 
amounts  of  clipping,  and  that  clipping  effects  are  mostly 
confined  to  the  SR  intercept 

6.5  Apparent  altenuatioii 

Here  we  consider  the  effects  of  apparent  attenuation  on  our 
procedures  cor  estimating  Qp.  In  particular,  for  multilayered 
models,  we  wish  to  know  whether  our  procedures  tend  to 
estimate  the  given  by  equation  (25),  or  whether  they 
rewvcr  an  effective  Q  containing  a  strong  component  of 
apparent  attenuation.  First,  notice  that  if  (2a  large,  then 
(8)  rcduws  to  Qz-Qv  If  Qa  ‘S  small,  then  the 
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FIfarc  U.  (a)  Amplitude  spectra  for  the  PS  wavelet  m  Fig.  8  with  0 
I  (solid).  (dashed),  and  65  per  cent  (dotted)  'soft'  clipping  applied. 

(b)  Spectral  ratio  curves  for  the  spectra  in  (a),  with  the  spectrum  of 
PSSS  in  Hg  10.  gave  estimates  for  Qfi  of  201  ±  $.4,  216  ±  10.  and 
.  221  ±  19  for  0,  35.  and  65  per  cent  clipping,  respectively.  The 

dashed  lines  are  the  least'squares  fits  over  the  band  in  which  the 
estimate  was  obtained. 


estimated  by  the  SR  method  will  be  less  than  the  true  Q,. 
We  decided  to  hold  Qi  fixed  at  a  relatively  high  value  and 
see  how  estimated  by  the  SR  and  PAR  methods  differs 
from  the  true  Qi. 
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Synthetic  seismograms  were  computed  for  sediment 
models  with  realistic  veloaties  containing  alternating  iayers< 
with  high  impedance  contrast.  These  models  were  designed 
to  maxirntze  the  magnitude  and  fr^uency  of  impedance^ 
contrasts  while  maintaining  total  P  -f  5  sediment  traveltime 
of  about  2(X)s  for  a  sediment  thickness  of  356  m.  ThO'^ 
vertical  traveltime  through  each  sediment  layer  was  held' 
constant  for  velocities  computed  with  the  Constant  Q  rule. 
These  sediment  models  (Table  5)  have  layer  thicknesses  of 

i.  h  i  I  ^2,  respectively,  while  holding  shear 

Cl*  150  fixed.  In  Table  5.  the  number  of  sediment  layers 
having  the  same  density,  veloaty  and  Q  in  that  layer  is  in 
parentheses,  e.g.  model  AS  has  142  sediment  layers 
Residual  fractions  of  layers  were  distnbuted  equally 
between  the  top  and  bottom  layers.  Fig.  14  shows  synthetic 
traces  computed  at  0.41  km  with  the  Constant  Q  rule,  with 
the  Qfi  »  200  CQ  two-layer  model  from  Table  2  at  the  top 
included  for  corhparison. 

As  the  synthetics  shown  in  Fig.  14  are  horizontal  motion, 
virtually  all  of  the  energy  is  in  shear.  In  particular,  the 
energy  between  WW  and  PS  consists  of  intrasediment 
P-to-S  converted  arnvals.  Note  that  the  amplitude  of  the 
water  wave  is  approximately  the  same  for  all  models.  In 
model  A2  (Fig.  14).  the  amplitude  of  the  converted  5  phases 
decreases  with  time  as  more  energy  i$  removed  from  the 
downgoing  P-wave.  The  amplitude  reduction  is  also  partly 
due  to  the  upgoing  5*waves  losing  energy  to  reverberations, 
reconversion,  and  absorption  in  the  sediment  column. 

Interference  of  the  converted  $  phases  occurs  where  the 
thickness  of  successive  layers  sums  to  an  integer  multiple  of 
giving  the  charactensiic  pattern  observed  for  the 
arnvals  between  WW  and  PS.  A  resonance  condition  exists 
when  the  sediment  thickness  is  an  odd  multiple  of  \Xfi  Tlie 
resonance  frequency,  is  given  by 

*  Cam  ,  .  •  V 

4 

where  f/  j  is  the  thickness  of  the  sediments  Applying  this 
expression  to  the  individual  layers  in  model  A4  gives 
/.■lOHz  wlt^  m»l  for  each  of  the  contrasting  layers, 
corresponding  to  the  fundamental  resonance  frequency  for 
the  stack  of  layers.  Consequently,  we  associate  the  peak  at 


Table  5.  AUernaung  sequence  of  sediment  model  parameters  used  u'  computing  the  synthetic 
seismograms  for  models  A1-A5  with  sediment  layer  thickness  of  1. \  and  respectively,  at 
10  Hz.  In  parentheses  are  the  number  of  sediment  layers  having  the  same  density  (p,  gmem**’), 
velocity  (c«,  Cfi.  kms"’)  and  Q  Total  sediment  thickness  is  approximately  3S6m. 
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Fipire  14,  Synthetic  data  traces  at  0  41  km  for  models  A1-A5  with 
alternating  sediment  layer  thtcknesses  of  I,  \  and  (sec 
Table  5)  The  trace  at  the  top  is  for  the  constant  Q  two4ayer  high*^ 
model. 


10  Hz  in  models  A1>A4  in  Fig  15  with  the  acoustic 
propagation  loss  maximum  determined  by  Hughes  et  al. 
09W)  for  one-layer  sediment  models. 

The  arrivals  between  WW  and  PS  increase  in  frequency 
from  about  10  Hz  for  model  A2  to  about  18  Hz  in  model 
A4.  As  the  layer  thickness  decreases,  the  layers  become 
increasingly  transparent  to  the  downgoing  ?-wave  resulting 
in  less  P-to-5  conversion.  In  model  A5  (Fig.  15e),  the 
layer  thickness  is  small  enough  to  allow  the  9  Hz  peak  in  the 
source  spectrum  (Fig.  7)  to  control  the  location  of  the 
dominant  frequency  of  the  PS  and  PSSS  spectra,  as  opposed 
to  the  10  Hz  dominant  frequency  in  the  spectra  of  models 
A1-A3.  The  10  Hz  peak  matches  the  frequency  used  to 
determine  the  layer  thicknesses.  For  model  A4,  the 
pronounced  peak  in  the  spectrum  near  18  Hz  is  likely  due  to 
phases  that  include  odd  numben  of  muitiple  ray  paths  in 
both  layers.  In  general,  the  sediment  layers  act  as  a  strongly 
peaked  bandpass  filter  whose  zeros  are  related  to  the 
thicknesses  and  velocities  of  the  layers  in  the  sequence. 

The  wavelet  arnval  times  for  models  Al-AS  were 
computed  by  ray  theory.  All  models  have  a  time-average 
sediment  5-wavc  veloaly  of  0.201  km  s'*  with  arnval  times 
for  PS  and  PSSS  of  5.61  and  9  14  s  Since  thin-bed  layenng 
delays  the  arnval  of  some  of  the  energy,  we  used  a  larger 
window,  1  0$,  for  the  spectral  ratio  analysis  comfiared  with 
the  0  69$  window  in  the  analyses  of  the  twodayer  sediment 
models  above.  The  phases  PS  and  PSSS  still  arrive  at  the 
computed  limes,  but  their  amplitudes  can  be  significantly 
reduced  (Fig.  14)  The  delay  of  energy  is  clearest  m  model 
A5  where  the  apparent  PSSS  arrival  occurs  at  about  9.42  $, 
0.29  s  later  than  the  ray  theoretical  arnval  time.  The  window 
positions  for  spectral  estimation  were  not  adjusted  to 
compensate  for  these  delays.  To  reduce  the  possible  effect 
of  other  arnvals  near  PS  and  PSSS  within  the  1  s  windows, 
we  applied  a  10  per  cent  Hanning  taper  to  the  wavelets.  The 
upper  bound  of  the  band  in  the  SR  tests  was  20  Hz  because 
the  spectral  estimates  approached  the  numerical  noise  level 
above  this  limit  The  lower  bound  was  set  at  3  Hz  except  for 
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F%ure  15.  Amplitude  spectra  (a)-(e)  for  the  PS  (solid)  and  PSSS 
(dashed)  wavelets  from  the  traces  for  models  AI-A5  shown  in  Fig 
14 
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Figwe  16.  Spectral  ratio  curves  for  the  amplitude  spectra  in  Fig  IS 
for  models  A1-A5  (a)-(e)  The  dashed  lines  are  the  least-squares 
fits  over  the  band  in  which  the  estimate  was  obtained 
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model  A2  in  which  it  was  set  to  5  Hz.  Below  5  Hz.  the  SR 
curve  for  model  A2  was  greatly  distorted,  probably  because 
of  interference. 

As  expected,  the  PS  and  PSSS  phases  for  these  models 
have  much  more  irregular  amplitude  spectra  and  SR  curves 
(Figs  15  and  16)  than  those  of  the  noise  free  two*Iayer 
models  (Fig.  10).  The  spectrum  of  model  A4  (Fig.  15d) 
clearly  shows  a  significant  shift  in  the  dominant  frequency  of 
the  wavelets  to  about  18  Hz  with  a  corresponding  reduction 
in  the  peak  at  10  Hz.  The  linear  least-squares  SR  method  for 
models  A1-A5  gives  estimates  within  25  per  cent  of  the 
true  Q  of  150  with  95  per  cent  confidence  limits  between 
±26  and  ±47.  These  results  could  have  been  improved  by 
shifting  the  time  windows  to  compensate  for  the  layering 
delay  and  by  increasing  the  percentage  of  the  wavelets 
tapered.  Wc  conclude  that  spectral  ratio  estimates  of 
will  not  be  significantly  affected  by  apparent  attenuation  due 
to  intrabed  multiples  resulting  from  thin,  horizontal  bedding 
within  the  sediment  column  in  the  (3,20)  Hz  band.  In  our 
analysis  of  the  OBS  data,  we  expect  that  the  recovered 
will  be  close  to  the  intrinsic  Q  defined  for  multilayer  models 
by  equation  (25). 

In  addition  to  estimating  the  importance  of  Oa*  long 
codas  for  these  models  also  test  the  sensitivity  of  the  SR 
method  to  source  function  and  window  length.  Interference 
may  explain  why  the  95  per  cent  confidence  limits  for  the  O/i 
estimates  for  models  A1-A5  arc  significantly  larger  than 
those  for  the  iwo*lajcr  models  of  Tabic  2 

7  APPLICATION  TO  OBS  DATA 

After  the  extensive  tests  on  synthetic  data  discussed  above, 
we  applied  the  SR  and  PAR  methods  to  the  OBS  honzonial 
data  from  DSDP  Hole  58lC.  The  position  and  length  of 
each  wavelet  w.ndow  was  adjusted  to  obtain  as  smooth  an 
amplitude  spectrum  as  possible.  After  the  mean  was 
removed  from  the  wavelets,  the  10  per  cent  time-domain 
Hanning  taper  and  smoothing  functions  were  applied  in  the 
same  way  as  for  the  synthetic  data.  For  noise  estimates 
needed  m  the  SR  method,  we  selected  the  portion  of  the 
data  pnor  to  the  first  arnval  starting  at  2.0  s  after  the  origin 
time  for  the  shot,  with  the  same  length  as  the  wavelets  used 
for  the  spectral  ratios.  The  noise  power  was  subtracted  from 
the  spectral  power  estimates  after  smoothing 

We  restneted  our  analysis  to  offsets  less  than  10  km 
Since  the  shear  waves  take  a  nearly  vertical  path,  the  near 
traces  are  least  contaminated  by  scattered  energy  or  by 
refracted  crustal  phases  Pig.  17(a)  shows  the  horizontal 
component  OBS  data  at  0.41km  and  the  PS  and  PSSS 
wavelets  selected  for  spectra!  ratio  analysis  The  intrasedi- 
menl  converted  reffection,  IPS,  and  the  direct  water  wave, 
WW  arc  also  identified.  The  phases  arriving  between  PS  and 
PSSS  arc  shear  waves  that  probably  result  from 
multipathmg  within  the  sediment  column  Noise  levels 
restrict  the  useable  band  for  the  SR  method  to  about 
3-18  Hz.  The  noise  energy  estimate  for  this  trace  is  4  7  per 
cent  of  the  PSSS  wavelet,  corresponding  to  a  signa!-io-noise 
ratio  of  21,  well  within  the  25  per  cent  SR  accuracy  range  in 
the  presence  of  noise  energy  determined  from  the  tests  on 
synthetic  data  above.  We  conclude  that  signal  generated 
noise  does  not  significantly  reduce  the  accuracy  m 
determining  by  either  the  SR  or  PAR  methods  from 
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(Ifiirt  17.  (a)  Horizontal  geophone  OBS  data  at  0.41  with  the 
PS  and  PSSS  wavelets  (or  SR  and  PAR  analysis  The  water  wav«. 
WW  and  the  intrasedunent  reflection  IPS  are  also  identified:  (b) 
amplitude  spectra  of  the  wavelets  m  (a)  and  of  the  noise  estimate, 
and  (c)  spectral  ratio  curve  for  the  spectra  in  (b). 


these  OBS  data.  Fig  17(b)  shows  that  t 
signal  spectra  arc  roughly  similar  to  those 
synthetic  data  shown  m  Fig.  U(a);  thus 
clipping  arc  probably  not  significant  for  this  trace. 

The  horizontal  gcophone  is  contained  m  a  cylindneaf  OBS 
instrument  package.  Coupling  through  soft  sediments  can 
modify  the  instrument  response  to  ground  motion,  with  the 
coupling  resonance  frequency  related  to  the  shape  and  mass 
of  the  instrument  package  and  the  properties  of  the 
sediments  (Sutton  et  al.  1981).  Coupling  effects  include 
instrument  package  rocking  induced  by  shear  waves, 
resulting  in  enhancement  of  the  spectra  near  the  resonance 
frequency.  To  have  complete  confidence  in  our  estimates  of 
sediment  Qfi  from  horizontal  geophone  OBS  data,  we  need 
to  know  that  the  effects  of  coupling  resonance  are  linear  for 
the  coda  amplitude  and  spectral  content  of  PS  and  PSSS. 
Linear  effects  will  not  bias  our  estimated  because  our 
numerical  experiments  showed  that  the  source  wavelet  is 
practically  $elf*cancclling  in  both  the  SR  and  PAR  methods. 
Cross*coupling  from  vertical  seismic  motion  to  horizontal 
geophonc  signals  may  also  affect  the  estimates,  although 
Sutton  et  al.  (1981)  detcrm'ncd  that  this  is  not  a  problem  for 
this  instrument.  High  amplitude  signals  will  be  more 
strongly  affected  If  the  resonance  effect  is  nondmear.  with 
soft  clipping  of  the  signal  the  most  likely  result.  However, 
the  simiionty  of  the  spectra  of  PS  and  PSSS  noted  above 
leads  us  to  conclude  that  th*.  coupling  effects  arc  linear 
within  the  dynamic  range  of  the  instrument.  In  any  case,  our 
clipping  experiments  on  synthetic  data  indicate  that  soft 
clipping  effects  should  not  significantly  affect  the  0,, 
estimates 

In  Fig.  17(b),  the  faU*off  in  energy  at  frequencies  less  than 
5  Hz  may  be  due  to  interference  by  Scholie«waves  generated 
by  earlier  shots,  gradient  induced  shcar*comprcssional  wave 
wuphng  (Fryer  1981),  or  source  characteristics  The 
divergence  of  the  PS  and  PSSS  spectra  below  5  Hz  results  m 
distortion  of  the  spectral  ratio  curve  (Fig  17c),  consequently 
wc  do  not  use  that  portion  of  the  SR  curve  in  our 
least'Squares  estimate  for  this  trace  A  linear  least'squares 
estimate  of  was  obtained  using  frequencies  within  the 
(S,  18]  Hz  band  that  met  the  3dB  acceptance  criteria 
discussed  above. 

In  Table  6  we  list  the  SR  and  PAR  results  for  OBS  data 
traces  1-7  from  Fig.  3.  Wc  believe  these  traces  are  refaiively 
free  of  interference  and  clipping  effects  Fig.  18  show»  the 
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Table  6.  Results  of  spectral  ratio  and  peak  amplitude  ratio  analysis  of  OBS  data  traces  1-7  BW  the 
bandwidth  in  which  the  least-squares  speara!  ratio  estimate  (Qsr).  wnh  associated  intercept  Ar. 
was  obtained:  and  r^y^  arc  the  arnval  tunes  of  the  respective  phases,  and  /  is  the  average  of  the 
centroids  of  their  spectra  between  3  and  20 Hz  used  in  obtaining  the  peak  amplitude  ratio  Qg  estimates 
(QfAn)*  At  the  bottom  are  the  residts  for  the  spe^ral  average  of  the  nearest  five  traces 
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Fipre  18.  Amplitude  $pectra  o!  (he  ?S  ($ohd),  PSSS  (dashed),  and  noise  estimate  (dotted)  wavelets  for  the  OBS  data. 


wavelet  spectra  for  these  traces,  and  Fig.  19  shows  their  SR 
curves.  Variations  in  the  arrival  time  of  PSSS  m  Fig,  3  may 
be  due  to  slightly  different  slant  paths  for  the  downward  P 
and  upward  S,  possibly  caused  by  non^honzonta!  laycnng 
within  the  sediments  or  basement  topography.  Interference, 
clipping,  or  an  increase  in  signal  generated  noise  energy  was 


inferred  wherever  the  spectra!  estimates  for  PSSS  are 
greater  than  for  PS.  These  spectra!  bano:  (the  fiat, 
truncated  segments  of  the  SR  curves  in  Fig  19)  were 
excluded  from  the  SR  curves  and  thus  from  the  least-squares 
estimation  of  Qp.  Window  length  and  position  were 
adjusted  to  obtain  PSSS  spectra  with  approximately  the 
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Figure  19.  Spectra)  ralio  curves  for  the  spectra  m  Fig  18  The  dashed  im^  arc  the  least-squares  fils  over  ihe  band  in  which  the  Qp  csiimate 
was  obtained 


484  P.  D.  Bromirski,  L.  N.  Frazer  and  F.  K.  Duennebier 


same  shape  as  the  PS  spectra.  In  the  peak  amplitude  ratio 
analysis,  we  estimated  with  exp  (/sr)i  and  used  /  for 
In  equation  (17)  while  neglecting  the  second  term  on  the 
right'hand  side  of  (17) 

Some  trace-to-trace  vanation  is  seen  in  the  linear 
least-squares  SR  estimates  of  Table  6.  Although  the 
degree  of  signal  clipping  m  the  data  is  unknown,  the  spectral 
ratio  tests  on  synthetic  data  above  indicate  that  relatively 
large  amounts  of  clipping  nviII  not  affect  the  SR  estimates  in 
the  (3, 18)  Hz  band  used  m  this  analysis.  The  efficiency  of 
P-to-5  conversion  generally  increases^with  rang  up  to  the 
sediment/basement  shear-wave  critical  angle,  in«  lasing  the 
amplitude  of  the  PS  arrival  and  generally  resulti  j  in  more 
severe  clipping  of  that  phase  as  the  range  increases. 
Consequently,  we  reduced  the  length  of  the  time  window  at 
greater  offsets  in  an  effort  to  exclude  the  most  severely 
clipped  pulses  in  the  PS  coda.  Not  surpnsingly,  we  still 
obtained  significantly  higher  estimates  from  the  two 
farthest  traces  m  Table  6  than  from  the  five  nearest  traces. 
Tlie  increase  in  /  at  0.906  km  also  suggests  greater  signal 
clipping.  Holes  in  the  spectra  of  PSSS,  such  as  those  seen  at 
about  5  Hz  in  Figs  18(b)  and  (Q.  are  probably  caused  by 
interference,  they  result  in  holes  in  the  SR  curves  (Figs  19b 
and  f)  which  we  exclude  from  the  least-squares  estimates 
These  interference  and  clipping  effects  may  account  for  the 
variation  observed  in  the  spectral  ratio  results  for  the  hve 
nearest  traces  in  Table  6.  Also,  as  the  spectra  in  Fig.  18 
show,  the  noise  energy  vanes  from  trace  to  trace.  If  the 
in-trace  noise  vanability  $  as  great  as  its  trace-to-trace 
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Figure  20.  (a)  Spectral  average  of  the  PS  (solid),  PSSS  (d,‘shed), 
and  noise  estimate  (dotted)  wavelets  for  the  five  nearest  OBS  data 
traces  (b)  Spectral  ratio  curve  for  the  spectra  in  (a) 


vanability,  then  the  noise  estimate  may  not  accurately 
represent  the  noise  level  in  the  windows  selected 
To  average  these  effects  and  thus  lower  the  statistical 
vanance  of  the  spectral  estimJites.  we  computed  arithmetic 
(Bg.  20a)  and  median  averages  of  the  spectral  estimates  for 
the  nearest  five  traces  in  Table  6  pnor  to  taking  their  ratios 
Both  averaging  methods  gave  similar  results,  although  the 
median  average  spectra  and  spectral  ratios  were  noticeably 
less  smooth  We  obtained  Op  ®  97  ±  11  over  the  [3 , 17  2J  Hz 
band  for  the  anthmetic  spectral  average  in  Fig  20(b)  using 
the  linear  least-squares  procedure. 

The  peak  amplitude  ratio  results.  Opar  Table  6,  are 
consistently  higher  than  the  Osr  estimates,  as  would  be 
expected  if  PS  were  clipped  The  spectral  average  Opar 
estimate  of  Op  ”  ^^2  can  be  considered  an  upper  bound. 
Note  that  there  is  little  difference  between  Osr  Qpar 
0.405  km,  suggesting  that  clipping  for  this  trace  is  not  as 
severe  as  the  other  traces,  and  that  this  trace  probably  gives 
the  most  reliable  individual  estimate  of  sediment  Op 

8  CONCLUSIONS 

We  have  shown  that  spectral  ratio  and  peak  amplitude  ratio 
methods  can  give  accurate  estimates  of  sediment  Op  from 
converted  shear-wave  reflections  on  honzontal  component 
synthetic  seismograms.  Tests  on  synthetic  data  suggest  that 
moderate  amounts  of  noise  and  signal  clipping  do  not 
introduce  significant  error  in  spectral  ratio  estimates  of  Op 
Op  estimates  within  25  per  cent  of  the  model  can  be 
obtained  with  the  addition  of  up  to  7  per  cent  noise  energy. 
However,  the  frequency  dependence  of  sediment  Op  cannot 
be  determined  by  spectral  methods  for  narrow  bandwidth 
data  when  a  small  amount  of  noise  is  present. 

Our  methods  were  applied  to  honzontal  component  OBS 
data  collected  over  soft  sediments  at  a  deep  water  site  in  the 
northwest  Pacific  The  specaal  ratio  method  gave  Op 
estimates  between  97  and  110  (corresponding  to  an 
attenuation,  a,  between  0  281  and  0.248  dB  A** ‘)  using  the 
linear  least-squares  procedure.  The  spectral  average  of  these 
traces  yields  a  Op  estimate  of  97 i  II  We  suggest  that  the 
spectral  ratio  method  can  give  effective  Op  estimates  for  the 
entire  sediment  column  with  better  than  10  per  cent 
accuracy  from  converted  shear-wave  reflections  for  broad¬ 
band  honzontal  component  OBS  data  in  areas  where  PS 
and  PSSS  are  observed  This  accuracy  is  not  greatly 
degraded  by  modest  amounts  of  noise  and  signal  clipping 
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j»nt,  that  is,  in  the  afterbum  region.  The 
.ftcihum  region  is  consistent  with  visual 
observation  of  the  brightness  of  the  burned 
sample  bqng  sustained  for  over  30  $  and 
confinm  an  earlier  report  by  Boldyrev  et  at 
(5),  who  deduced  the  formation  of  two 
intennediates  from  their  TR  diffraaion  ex* 
periments  in  the  second  rime  r^ime. 

It  is  clear  from  Fig  3A  that  most  of  the 
observed  scattering  in  the  TR  diffraction 
patterns  was  recorded  in  the  26  region  of 
43*  to  46*.  In  Fig.  4,  the  integrated  intensity 
in  this  26  region  is  plotted  as  a  function  of 
time  This  plot  summarizes  the  TR  diffrac¬ 
tion  events  in  the  combusting  Al*Ni  system. 
It  is  charaaenzed  by  a  ver)*  sharp  and  high- 
intensity  peak,  peiJc  A,  at  5.4  s  with  a 
number  of  low-intensir.'  peaks  on  either 
side.  With  decreased  slit  size,  the  number  of 
these  low-intensity  peaks  decreased  as  a  re¬ 
sult  of  a  smaller  number  of  grains  correctly 
oriented  to  scatter  the  incident  x-ray.  This 
result  lends  credence  to  the  effea  of  grain 
orieptadon  or  grain  modon,  or  both,  at  high 
temperature  on  the  multipeak  features  ob¬ 
served  vrith  the  geometric  resolution  of  our 
diffraaion  setup.  After  20  s  or  so,  broader 
peaks  such  as  the  one  labeled  B  are  observed. 
Beyond  SO  s,  the  plot  becomes  almost  fea¬ 
tureless  in  accordance  to  a  mere  shift  of  the 
V  AlNi(nO)  product  peak  to  high  26  as  a 
•'  result  of  thermal  contracdon.  Both  features 
,  at  A  and  B  are  reproducible  in  a  numh  >  of 
A1  +  Ni  samples  repeatedly  combusted  un¬ 
der  identical  experimental  conditions.  Be¬ 
cause  gram  orientation  or  random  motions 
for  individual  grains  at  high  tviup  iturc 
would  not  reproduce  the  same  intensity 
peidts  at  the  same  ume  m  successive  scans, 
the  sharp  and  high-intensity  feature  ob¬ 
served  at  5.4  s  IS  most  likely  due  to  an 
intermediate  phase  fornied  before  the  for¬ 
mation  of  the  fina]  AlNi  product 

The  technique  of  TR-XRD  with  synchro¬ 
tron  radiation  is  a  very  powerful  and  per¬ 
haps  unique  method  for  following  phase 
transformations  and  chemical  dynamics  of 
solid  combustion  reaaions  m  situ  at  high 
temperature.  When  temperature  prdile  and 
wave-front  velocity  aie  measured  synchro¬ 
nously  and  correlated  uith  the  TR  diffrac¬ 
tion  scans,  then  all  participating  phases  may 
be  identified  as  a  functmn  of  time  and 
temperature.  Intrinsic,  real-time  kinetic  data 
of  ^is  sort  arc  needed  to  allow  critical 
testing  of  existing  theofctical  models  of  solid 
I  combustion  and  to  proxide  the  basis  for 
developing  new  theories  In  the  case  of  the 
Al-Ni  systems,  there  is  a  great  interest  in 
understandmg  the  phase  transformation  and 
combustion  dynamics  as  a  ftincuon  of  the 
composition  of  the  starting  materials  at  vari¬ 
ous  stoichiometric  as  veil  as  off-stoichio- 
metric  compositions  across  the  binary  sys- 


^  tern  (27).  Finely,  wiffi  bnghter  and  higher 
fluv  jyn^rotmn  sources  available  currently 
at  wigglcf  bcamiincs  <^10*^  photons  pa 
second)  or  next  generadon  storage  rings 
such  as  diosc  of  ^e  Advanced  Light  Source 
(ALS)  at  Berkei^  and  the  Advanced  Pho¬ 
ton  Source  (APS)  at  Argonne  (10^^  photons 
^  per  second),  higher  spaoal  resolution  should 
allow  a  ^closer  UxXiC'  at  the  OMubustion 
front  in  this  interesting  class  of  high-tem- 
peraturc  solid-sute  reactions. 
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Rapid  Determination  of  the  Critical  Temperature  in 
Simulated  Annealing  Inversion 

Atano  Basu  and  L.  Neil  Frazer* 


Knowledge  of  the  cntical  temperature,  T,,  the  temperature  at  which  a  phase  change 
occurs,  greatly  improves  the  efficiency  of  simulated  annealing  when  used  for  optimiza¬ 
tion  or  inversion.  A  numerical  method  of  accurately  determining  T.  in  a  relatively 
short  computation  time  has  been  develonnH.  This  mc&od  is  used  to  rCw.er  the  scisauv 
soundspeed  i^ofile  ftom  wavefield  data,  a  problem  in  which  cycle  skipping  causes 
many  local  ounima  of  the  energy  function  and  the  averaging  of  ^e  medium  by  Bnite 
length  waves  results  in  many  states  with  similar  energies.  Computations  indicate  that  it 
is  cost-effective  to  spend  about  BO  percent  of  die  computing  budget  looking  for  T, 
instead  of  annealing,  and  that  in  the  course  of  finding  T,  many  states  with  energies 
near  the  global  minimum  will  also  be  found.  The  a  posteriori  probabiliw  distribution 
of  the  solution  has  been  constructed  from  trial  solutions  generated  at  T,. 


SI  iMOlArtU  ANNIALINU  (SA)  WA&  IN- 
k  vented  tndepmdcndy  by  Kirkpatrick, 
*  Gclatt,  and  Vecchi  (f)  and  by  Cemy 
(2).  SA  makes  use  of  the  principle  that  for  a 
system  of  particles  having  random  configu- 


Hawau  InttiwK  of  Gcophy$ia,L'iuiminr  of  Hawaii  ai 

Manna,  Honotutu.  Ill  90822 

*To  whom  coifctponJcfKc  shnuU  be  aJJrcMcd 


rations  at  a  fixed  temperature  T  the  pruba- 
bility  of  finding  the  system  m  state  j  with 
energy  Ej  is  given  by  the  Gibbs  distribution 

&-cxp(-r/r)/z  (1) 

in  which  the  partition  function  Z  is  given  by 
a  sum  over  all  possible  states 

Z  =  Z  C\p(~t7r)  (2) 
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1  2 
Borehole  mimbor 

Fig.  1.  Gcometiy  of  the  model.  Two  boreholes 
are  located  100  m  apart  wth  40  g^hones» 
spaced  10  m  apart*  in  ach  borehole,  ^e  shot  u 
l^ted  just  benca^  Oie  surfsce  ISO  m  to  Ote  left 
ofbordtole  1. 

When  SA  is  used  for  optimization,  the 
unknown  parameters  are  regarded  as  parti* 
ctes,  and  the  allowed  values  of  a  parameter 
correspond  to  the  allowed  states  of  its  asso* 
dated  particle.  The  energy  H  in  Eq.  1  is  the 
cost  function,  and  the  temperature  is  low* 
cred  very  slowly  so  that  the  system  of  parti* 
cles  eventually  freezes  into  the  global  mini¬ 
mum  of  E  In  our  experiments,  wc  used  the 
heat  bath  algorithm  (i).  The  Metropolis 
algorithm  (4)  is  mathcmaucally  equivalent 
to  the  heat  bath  algonthm  (5),  but  the  heat 
bath  algorithm  may  be  more  efficient  than 
the  Metropolis  algorithm  for  inversion 
problems  (^). 

In  the  heat  bath  algorithm,  each  paxtide  is 
visited  in  sequence.  Visiting  the  ith  particle, 
one  fixes  the  states  of  other  particles  and 
calculates  the  system  energy  for  each  al¬ 
lowed  state  of  particle  i.  These  energies  arc 
used  to  generate  a  0»bbs  distribution  for 
partidc  i,  from  which  a  uew  sute  for  particle 
I  is  chosen  by  sampling  once.  After  each 
partidc  in  the  system  has  been  visited  once 
(this  cycle  is  called  a  sweep),  the  tempera¬ 
ture  T  is  lowered  by  a  small  amount  and 
then  each  particle  is  visited  again.  After 
many  sweeps,  the  system  will  be  in  equilibri¬ 
um  at  a  bw  temperature,  frozen  into  a 
global  energy  minimum  An  Ai-partide  sys¬ 
tem  requires  M  random  numbers  per  sweep 

The  conditions  under  which  SA  can  be 
proved  to  converge  to  the  global  minimum 
of  E  are  often  unacceptable  because  they 
require  so  much  computer  time.  Thus,  pro¬ 
gress  in  SA  depends  on  experiment  as  well  as 
throty;  experiments  are  generally  used  to 
select  a  cooling  (annealing)  schedule,  a  pre¬ 
scription  for  lowering  T  over  time.  A  cool¬ 
ing  schedule  includes  the  starting  tempera¬ 
ture  To,  the  rate  of  cooling,  the  amount  of 
time  to  be  spent  at  each  temperature,  and 
the  time  at  which  to  stop  Theoretical  ap 


Fig.  2.  (A)  Wavcfield  observed  in 
borehole  1;  (B)  waveSeld  observed 
inboiehde2. 


proaches  to  the  design  of  cooling  schedules 
arc  given  m  (7-^.  fothman  {S)  found  the 
global  nunimum  in  a  seismic  inversion  prob¬ 
lem  by  aufting  at  a  high  temperature  and 
then  cooling  slowly  to  just  below  T„  the 
temperature  at  which  a  phase  change  occurs. 
He  determined  T*  by  trial  and  error,  that  is, 
by  repeated  runs  for  different  assumed  val¬ 
ues  of  T,. 

In  our  problem,  theoretical  cooling 
schedules  (7,  S)  gave  poor  results,  and  a  trial 
and  error  determination  of  T,  required  pro¬ 
hibitive  amounts  of  computer  time.  Hence 
we  developed  a  method  to  rapidly  determine 
T,  While  finding  T,  our  method  also  finds 
many  good  sdutions;  thus,  the  issue  of 
cooling  schedules  became  far  less  important. 
Wc  applied  SA  to  an  inverse  problem  (10), 
the  problem  of  determining  the  soundspeed 
versus  depdi  profile  r(z)  of  a  layered  earth 
ftom  motions  recorded  in  a  borehole.  As 
shown  in  Fig.  1,  a  seismic  source  is  located 
150  m  away  ftom  the  first  of  two  boreholes 
and  the  resulting  motion  is  recorded  by 
geophones  m  bo^  boreholes  In  a  stratified 
earth,  the  resulting  data  are  identical  to  data 
recorded  in  a  single  borehole  ftom  two 
sources  at  different  horizontal  distances. 

We  chose  this  problem  to  experiment 
with  SA,  because  the  Green's  ftinctions  nec¬ 
essary  for  its  solution  are  more  economical 
to  compute  than  those  of  most  other  seismic 
inversion  problems.  All  the  other  difficult 
characteristics  of  wavefield  invenion  prob¬ 
lems  arc  present,  however,  making  SA  inver¬ 
sion  an  apprt^riate  mediod.  Our  sound- 
speed-depth  profile  has  M  «  40  layers,  and 
each  layer  an  have  one  of  N  ^  S  possible 
soundsp^ds,  so  die  number  of  possible 
solutions  l(j^^  Enormous  compu¬ 

tational  time  would  be  needed  to  examine 
this  numbo*  of  profiles  even  if  geologically 
unlikely  models  arc  exdudcd.  Furthermore, 
many  geolo^cally  acceptable  profiles  differ 
greatly  frwi  cadt  other,  so  tra^tional  inver¬ 
sion  methods  diat  require  linearization 
cause  the  final  solution  profile  to  be  h>ghl\’ 
dependent  on  the  starting  profile  SA  is 


independent  of  surfing  profile,  and  its 
ciency  relative  to  other  methods  incre 
rapidly  with  Af,  the  number  of  unknov 
As  our  main  purpose  was  to  investigate 
wc  used  for  foe  “observafions**  in  the  b 
holes  ^thedc  data  computed  an  c 
method  (11). 

The  wavefield  observations  (Fig.  2)  in 
first  and  second  boreholes  arc  U|(t,  z) 
Vi{t,  z),  respectively,  in  which  t  is  time 
z  is  receiver  depth.  Wc  calculate  a  thcorc 
borehole  2  dau  set  O2  using  U|  at  all  dc) 
and  an  assumed  soundspeed  profile  < 
This  process  is  called  iniguaon.  If  the 
grated  data  Oj  agree  perfectly  with 


Fig.  3.  A  postenon  ptobabiLty  distnbut 
(PPDs)  for  soundspeed  at  each  dcpdi  The 
profile  is  indicated  by  the  s(^d  line.  The  P 
were  computed  by  a  procedure  called  G» 
weighted  graph  binning,  explained  m  the  le' 
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bo^oie  2  dau  l^,  thm  c(z)  is  the 
^C'pro6{e;'We-u^  $A  to_  c(.7) 

the  best  agreement  betw^  Oi 
^4^U2.‘  owy^cnce,*  we  assume  a 
layc^  eardi  wdi  the  hyer  boundaries  half¬ 
way  bw^  ^e  reavers  as  shown  in  Fig. 
I; -Him  r(a)  is.pieovrise  consdmt  and  is 
r^reseht^  as  an  array  c  » (ci,  . . . , 
uiierie  r/ « i{zi)  is  the  sowdsp^  of  the 
la^.  We  r^ma  the  soundsp^  in  each 
iay^  to  fiW  possible  values,  dtus 
ii  e  {71,  • . . .  75}. 

Our  algorithm  for  migradon  1$  a  Kirch* 
hoSPermat  method  similar  to  that  used  by 
Carter  arid  Frazer  {12).  The  l/|(r,  a)  are 
weight^  time*shUted,  and  «’.jTuned  to  gen¬ 
erate  02(<,  z)  according  to  the  relation 

zj)  “  -  Ijt,  zt) 
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(3) 


in  which  (j|  is  the  ccmporsl  Hilbcit  trim- 
form  of  U|,  tjt  snd  hjt  are  weights,  li  is  the 
depth  index  in  borehole  1,  j  is  the  depth 
index  in  borehole  2,  and  tj.  is  the  time  shift. 
The  weights  tjt  and  hj.  are  independent  of 
t(z)  and  depend  only  on  the  diSerenee J  -  k 
except  near  the  tops  and  bottoms  of  the 
boreholes.  The  travel  time  r^s  is  the  integral 
of  l/t(2)  along  the  straight  line  from  depth 
zt  in  borehole  1  to  depth  zj  in  borehole  2. 

Agreement  of  the  xero-mean  time  series 
0i  and  Vi  is  measured  by  the  correlation 
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in  which  N,  is  the  number  of  points  in  each 
time  scries  and  Nz  is  the  number  of  receiv¬ 
ers.  The  correlation  would  be  1.0  if  the 
sovuiwpceu  prohic  used  in  migration  were 
the  true  pro^c  and  our  migrauon  algonthm 
were  perfea.  In  pracace,  our  impeifect  mi¬ 
gration  algonthm  yields  a  «>rTeUtk)n  whose 
maximum  approi^es  092,  a  value  that 
varies  with  the  true  profile.  To  apply  SA,  we 
define  the  energy  £  as  the  negative  correla¬ 
tion,  plus  a  small  penalty  term  to  discrimi¬ 
nate  against  highly  oscillatory  profiles: 

E(c)  «  U2)  +  £P(c)  (5) 

If  we  ignore  the  penalty  term,  £  €  (-1,  IJ. 
The  penalty  term  is  given  by 


.r,  ll/o.,-2/Q+l/rMl 

P(c)  *  -  (6) 

2(Az  -  2)(l/r,™„  -  1/w) 

where  fmax  ^  the  largest  permitted  sound- 


speed  and  Cflun  is  the  minimum  permitted 
soundspeed.  The  maximiun  po^iblc  value 
of  P(e)  is  1.0,  realized  only  when  c  oscillates 
between  ^  and  Cmia  in  successive  layers 
Fev  most  real^  profiles,  P(c)'is  less  than 
0.1.  In  dieex^rimcnts  presented  below,  the 
value  of  €  in  £<).  5  was  fixed  at  1.0. 

The  acoustic  waveficlds  sKown  m  Fig.'  2 
v/cK  u^  as  ol^crvations  in  our  numerical 
experimmtt.  These  obsc^tions  had  been 
syndiesized  elsewhere  by  an  exact  method 
based  bn  the  use  of  the  true  soundspeed 
profile  iridicated  by  the  Une  in  Fig.  3.  As  the, 
wavelet  of  the  sdsmic  source  was  strongly 
peaked  at  50  Hz,  side  lobes  of  the  corrcla- 

function  gaw  a  high  percentage  of 
states  vrith  relatively  low  energies  but  inac¬ 
curate  sound  speed  profiles.  This  is  called 
cycle  skipping. 

To  describe  our  method  for  determining 
T«  we  first  introduce  the  concept  of  a  short 
run.  A  short  run  is  a  run  at  fixed  tempera¬ 
ture  T  that  bepns  with  a  random  sound- 
speed  profile  c,  and  consists  of  25  sweeps 
requiring  a  set  K.  of  2SM  random  numbers. 
At  the  end  of  each  sweep,  we  save  the  energy 
£.  The  energies  of  die  25  sweeps  in  the  short 
tun  are  averaged  to  give  ^35  «  ^2s(T,  Cy, 
R).  We  make  other  short  runs  at  tempera¬ 
tures  between  10’*  and  10’,  beginning  with 
the  same  c,  and  die  same  K.  As  shown  in 
Fig  4A,  these  short  tuns  give  the  graph  of 
c„  R)  (solid  line)  versus  logioT. 

To  reduce  Ac  dependence  of  Ejj  on  c, 
and  R,  we  make  Ais  series  of  runs  five  times 
wiA  five  Aferent  c,  and  five  Afferent  R. 
The  results  are  shown  as  solid  lines  in  Fig.  4, 
A  Arough  E  The  five  Afferent  graphs  of 
^«(T,  Crt  R)  versus  logioT  arc  averaged  to 
give  the  graph  of  £25(7)  shown  in  Fig.  4F: 
Aus 

E:s(r)~i  2  Ejs{T,c„R)  (7) 

^  tCrJU 

We  define  T*  to  be  Ac  temperature  at  which 
”H2j(T)  attains  its  maximum.  From  Fig. 
4F,  logioT,  w*as  estimated  as  -2.0  ±  0.2. 
We  refer  to  T,  as  the  critical  temperature 
because  in  Ac  Aort  runs  at  T  »  T„  £ 
usually  dropped  Aaxply  wiAln  10  to  20 
sweeps.  To  show  Ac  effect  of  Ac  penalty 
function  m  £q  6,  Fig.  4  includes  Ac  graph 
of  ^(7)  (daAed  lines),  computed  at  Ac 
same  time  as  -£2}(T), 

The  curves  in  Fig  4  arc  low  at  low  T 
because  die  intern  is  too  cold  to  find  its  way 
out  of  Ac  local  energy  minimum  nearest  to 
Ac  starting  nKxkl;  diey  are  low  at  high  T 
because,  at  high  T,  high-£  states  are  as 
acceptable  as  loW'£  states.  Th4  peak  tem¬ 
perature  T,  represents  a  balance  point  at 
which  loW'£  states  are  preferred,  but  Ac 
system  is  warm  enough  to  tunnel  between 
such  states. 


IN 


Flfl.4.  Curves  plotted  in  (A)  show  average  corre 
Uuon  (dashed  line)  and  average  negative  energy 
(solid  line),  for  25  sweeps  at  a  fixed  temperature 
At  each  temperanire,  a  2$  sweep  run  was  made 
wiA  Ae  same  set  of  25.^f  random  numbers  and 
Ac  same  random  starting  model  We  computed 
Ae  curves  in  (B),  (C),  (D),  and  (E)  as  for  (A)  but 
used  Afferent  sets  of  25.M  random  numbers  and 
Afferent  random  stamng  models  The  curves  in 
(F)  arc  Ac  averages  of  Ae  curves  in  (A)  Arough 
(£).  The  tcmpcracure  at  Ae  peak  of  Ae  average 
energy  curve  in  (F)  is  defined  to  be  T,. 


We  repeated  Ac  experiment  described 
here  for  a  variety  of  inie  soundspeed  pro¬ 
files,  wiA  similar  results.  We  found  Aat  T, 
is  Afferent  for  Afferent  true  sounApeed 
profiles  and  Aat  it  also  changes  wiA  Ae 
value  of€,Ae  penalty  weight  in  Eq  5.  Any 
change  in  Ae  definition  of  £  or  any  change 
in  Ac  a,..a  set  {C/|,  U:)  changes  T.  This 
behavior  is  analogous  to  Aat  of  a  melt 
whose  freezing  point  is  sensitive  to  small 
changes  m  Ac  proportions  of  minor  compo¬ 
nents.  , 

Wc  also  explored  alternative  definitions  of 
average  short-run  cnergv’  For  example,  at 
eaA  temperature,  instead  of  making  five 
runs  wiA  five  sets  of  25Af  random  numbers, 
wc  made  a  single  run  wiA  one  set  of  125M 
random  numbers  The  difference  is  Aat  wi  A 
five  shorter  runs  Ac  s\-$tcm  is  set  to  the 
starting  model  five  times  instead  of  once 
The  resulting  graphs  of  -  £(  T)  were  higher 
Aan  those  in  Fig  4F,  but  Ac  peak  was  at 
Ac  same  temperature  Wc  obtained  slightly 
smooAer  graphs  for  £(  T)  by  using  Ac  same 
set  of  random  numbers  at  each  temperature 
raAcr  Aan  different  sets  at  Afferent  tern- 
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peratures.  < 

Once  T,  been  found,  it  was  no  longer 
necessary  to  cooLsIowly  from  a  high  inidal 
temperature.  By  Wrung  at'T®  1.0  and 
cooling  to  T  *  T,  in  100  ‘sweeps,  dicn 
renuiiiing  a^  T,  for  another  50  sweeps,  we 
obtained  profiles  whose  energies  Offered 
from  the  energy  of  t^c  true  pro&Ie  by  less 
than  5%.  Below  T,,  very  slow  cooling  for 
several  hundred  sweeps  gave  profiles  with  < 
energies  less  dian  1%  above  the  energy  of 
the  true  profile.  We  found  many  low*£ 
profiles  while  construaing  Fig  4 
In  problems  of  the  type  Considered  here, 
the  most  imponant  question  is  not  what 
single  profile  fits  the  data  best  but  rather 
what  sec  of  profiles  fits  the  data  isell.  The 
latter  question  is  addressed  by  estimating 
Uic  a  posteriori  probability  distribution 
(PPD)  for  the  soundspecd  at  each  depth. 
Mathematically,  the  PPD  for  the  r/,  the 
soundspecd  at  the  ith  depth,  is  given  by 

pWU., Uj) » Z S . .  zz... 

'I  <2  4.|«0 

■  •  •  I  f  (dUi.  U,)  (8)' 


their  centroids  ate  to  the  left  of  die  true 
profile  indicated  by  thcrthin  line. 

Our  numenca!  experiments  indicate  that 
for  SA  opdmizadon  and  inversion  problems 
one  should  s|^d  most  the  sweep  budget . 
deccrmimng  T*.  Then  for  optimization 
problems,  the  amvcntlonal  slow  cooling 
schedule  should  be  repbeed  by  a  schedule 
with  rapid  cooling  to  The  process  of 
finding  T«  gives  all  the  information  ncccs* 
saiy  to  estimate  die  PPD,  a  quantity  much 
more  useful  in  inversion  than  the  profile 
with  lovi^t  energy. 
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Numerically,  we  construct  this  PPD  by  the 
following  recipe,  which  we  call  Gibbs* 
weighted  graph*binning.  Let  A  be  the  set  of 
profiles  found  at  T  «  T,  dunng  construe* 
uon  of  Fig.  4  and  let  B  C  A  be  those  profiles 
in  A  for  which  <i »  y,  where  y  is  one  of  the 
allowed  values  for  r/.  First,  we  estimate  the 
partition  funcuon  at  T  ■  T.  by 

z.-Z  «pI-E(c)/r.]  (9) 


S,  P.  Nishenko  and  G.  a  Bollinger 


Analysts  of  seismograph  network  data,  earthquake  catalogs  from  1727  to  19S2,  an 
paleoseismic  data  for  the  central  and  eastern  United  States  indicate  that  the  Polsso 
probability  of  a  damaging  earthquake  (magnitude  a  6.0)  occurring  during  the  next  3 
years  is  at  a  moderate  to  high  level  (0.4  to  0.6).  When  differences  in  seismic  wai 
attenuation  are  taken  into  account,  the  central  and  eastern  United  States  h.* 
approximately  tw>*lhirds  the  likelihood  of  (  alifomia  to  produce  an  earthquake  wit 
comparable  damage  area  and  societal  impact  within  the  next  30  years. 


Then  the  PPD  for  Cj  is  estimated  by 
P(c,  -  7IU,.  Ui)  -  Z  exp[-H(£)/T.| 

Z.  «a 

The  PPDs  for  our  example  arc  shown  in  Fig. 
3.  Note  that  Fig  3  was  constructed  using 
only  the  125  profiles  found  at  T  “  7  ,  dur¬ 
ing  consmiction  of  Fig.  4,  and  that  we 
constructed  Fig  4  by  using  only  10  (tem¬ 
peratures)  X  25  (sweeps  per  tempera¬ 
ture)  X  5  =  1250  sweeps  The  PPDs  in  Fig 
3  look  the  same  for  any  T  within  our  error 
bounds  for  T,. 

Another  useful  quantity  is  the  mean  pro¬ 
file  at  r  =  T„  estimated  by 

(C)»^  Z  ccxpl-£{c)n.)  (11) 

The  iih  component  of  (c)  is  the  centroid  of 
the  PPD  for  c/.  Figure  3  shows  that  (c)  is  not 
as  good  an  estimator  of  the  true  profile  as  is 
the  profile  whose  ith  component  is  the  peak 
value  of  the  Ith  PPD  For  example,  in  Fig  3 
the  PPDs  between  300  m  deep  and  350  m 
deep  have  their  peaks  at  the  true  profile,  but 


SINCE  1727  THERE  HAVE  BEEN  SEVEN 
earthquakes  with  magnitudes  greater 
than  m*  (body*wa\e  magnitude)  6  0 
in  the  central  and  eastern  United  States  The 
largest  five  of  these  cvenu  |1811  to  1812 
New  Madrid,  Missouri,  mi*  7  0, 7  1 , 7  2, 7  3 
(/),  and  1886  Ci^arieston,  South  Carolina, 
Ml*  6.7  (2)J  occurred  durmg  the  19th  centu¬ 
ry.  In  the  95  years  that  have  elapsed  since 
the  last  damagmg  m*  %  6  0  earthquake  (i), 
the  central  and  eastern  United  States  has 
undergone  an  era  of  rapid  urban  growth 
along  with  the  development  of  nuclear  pow¬ 
er  plants,  energy  distnbuuon  systems,  large 
reservoirs,  and  transporT.iuon  and  commu¬ 
nications  netvi’orks.  The  observations  that 
earthquakes  hate  occurred  in  this  region  in 
the  past  and  that  (hey  arc  capable  of  produc¬ 
ing  structural  damage  over  larger  areas  than 
their  counterparts  of  similar  size  m  Catifor 


S  P  Nuhenko,  Kitional  Eanhquikc  Infoontnon  Cen 
ter,  U  S  Gcoioj^Kal  Survey,  Demer,  CO  80225 
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nia  raise  the  obvious  question  What  arc  tl 
chances  for  the  occurrence  of  anoth 
Ml*  &  6.0  canhquakc  in  the  region  cast  < 
the  Rocky  Mountains  durmg  the  next  fc 
decades^  Wc  define  a  damaging  carthqual 
as  having  a  m*  >  6  0  (seismic  moment  ma 
nitude,  Mfc6l),  and  consider  exposu 
windows  for  the  next  10,  30,  50,  and  K 
years 

Earthquake  hazard  assessments  arc  pi 
manly  based  on  average  rates  of  carthqual 
occurrence  Although  information  abo 
earthquake  recurrence  times  is  lacking  f 
specific  fault  zones  in  the  central  and  caste 
United  States,  regional  rates  of  seismic  act  1 
ity  arc  commonly  estimated  for  hazards  ai 
engineering  purposes  by  application  of  tl 

Gutcnbcrg-Richtcr  frequency-magnitude ' 
B  value  relationship,  logNc  *=  A  “ 
where  Nc  is  the  cumulative  number 
earthquakes  greater  than  or  equal  to  a  paro 
ular  magnitude,  Af.  The  constants,  A  and 
arc  determined  primanl)'  from  the  rates 
occurrence  of  smaller  magnitude  cart 
quakes  and  are  used  to  cstmutc  the  rates 
occurrence  of  infrequent  larger  magnitu' 
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SUMMARY 

Po/So  synthetic  seismograms  were  computed  for  a  variety  of  oceanic  structures  in 
order  to  model  data  from  an  »  S.7  earthquake,  recorded  during  the  OSS  IV 
seismic  experiment.  Satisfactory  modelling  of  Po/So  waveshapes  and  frequency 
content  was  achieved  with  no  lateral  heterogeneity,  but  with  a  small  random  vertical 
heterogeneity  in  the  mantle,  superimposed  on  a  mean  velocity  structure  which  is 
consistent  with  seismic  refraction  data.  The  random  heterogeneity  in  the  P  and  S 
velocities  appears  to  be  about  2  per  cent  with  a  scale  length  of  5  km.  This  kind  of 
heterogeneity  is  easily  achieved  by  varying  slightly  the  major  mineral  components  in 
either  the  pendotite  or  eclogite  mantle  mineralogy  and  can  be  another  cause  of 
observed  upper  mantle  anisotropy. 

Using  a  step-function  source  time  behaviour,  our  numerical  modelling  also 
indicates  that  in  the  upper  mantle  Qp  is  roughly  proportional  to  rising  from 
about  450  at  /  =  1  Hz  to  about  800  at  /  =  15  Hz,  and  that  Qs  is  roughly  proportional 
to  rising  from  about  900  at  /  =  1  Hz  to  about  1800  at  /  « 15 Hz.  A  slight 
decrease  in  Qs  from  these  values  in  any  small  zone  of  the  upper  mantle  reduces  So 
amplitudes  drastically  and  we  believe  this  is  why  So  is  sometimes  missing  from 
observed  seismograms 

The  computed  synthetic  record  sections  were  also  used  to  examine  the  relation 
between  intrinsic  Q  and  the  apparent  Q  inferred  from  data  in  earlier  studies. 
Apparent  Q  was  found  to  be  lower  than  intrinsic  Q  below  about  5  Hz  and  higher 
than  intnnsic  Q  above  5  Hz.  When  these  differences  are  accounted  for,  the  mantle 
Q’s  of  this  study  agree  with  the  mantle  Q'$  of  Butler  ei  al.  (1987)  to  within  10  per 
cent.  There  can  no  longer  be  any  doubt  that  oceanic  upper  mantle  Q's  are  very 
large,  above  5  Hz,  and  that  (2s  is  about  twice  as  large  as  Qp 

Key  words:  oceanic  models,  synthetic  seismograms. 


1  INTRODUCTION 

Po  and  So  are  the  high-frequency  guided  waves  with  long 
coda  that  travel  with  great  efficiency  m  the  crust  and  the 
uppermost  mantle  underlying  the  world’s  oceans.  They  have 
fairly  constant  first  arrival  speeds  of  about  8.0  and 
4.6km  s"*,  respectively.  These  phases,  which  were  observed 
as  early  as  1935  and  whose  exact  mode  of  propagation  has 
not  been  well  understood,  have  been  called  Pn/Sn,  oceanic 
Pn/Sn,  or  long  range  Pn/Sn  over  the  past  fifty  years  In 
order  to  avoid  ambiguity  between  these  well-defined  arnvals 
observed  in  the  oceans  and  the  well-known  Pn/Sn  phases 
observed  in  the  continents.  Walker  (1982)  proposed  the 
names  ocean  P/ocean  S  or  simply  Po/So 


Recognition  and  analysis  of  Po/So  played  an  important 
role  m  the  understanding  of  plate  tectonics  in  the  sixties.  An 
account  of  this  can  be  found  in  Molnar  &  Oliver  (1969).  In 
fact,  the  anomalous  propagation  of  Po/So  across  the 
mid-oceamc  ndges  and  across  the  trenches  was  one  of  the 
pieces  of  evidence  which  suggested  that  the  uppermost 
mantle  is  weaker  at  the  ridge  crests  and  at  the  trenches,  and 
that  the  relatively  stronger  lithosphenc  plates  originating 
from  the  ndge  crests  spread  away  from  each  other  and 
ultimately  subduct  into  the  deep  mantle  at  the  trenches 
(Oliver  &  Isacks  1967,  Molnar  &  Oliver  1969) 

Since  the  first  reported  observations  by  Linehan  (1940),  in 
the  north  Atlantic,  Po/So  has  been  found  in  the  north, 
western  and  central  Pacific,  the  Gulf  of  Mexico,  the 
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Philippine. Sea  and  many  other  parts  of  the  deep  ocean 
basins  References  to  most  of  these  studies  may  be  found  in 
Molnar  &  Oliver  (1969),  Walker  (1977),  Talandicr  & 
Bouchon  (1979),  McCreery  (1981),  Ouchi  (1981),  Ouchi, 
Nagumo  &  Koresawa  (1981),  Bibee  (1983)  and  Butler 
(1986)  It  1$  now  generally  believed  that  ,  these  phases  travel 
'  very,  efficiently  throughout  the  laterally  homogeneous 

geophysical  provinces  of  the  world  oceans,  such  as  the  deep 
o(«an  basins.  However,  their  propagation  is  quite  ineffiaent 
across  ocean  ndge  systems,  trenches  and  island  arcs.  So  far 
Po  and  So  have  been  recorded  at  least  to  distances  of  3680 
and  3660  km,  respectively  (Walker  &  Sutton,  1971). 

I  Po/So  phases  are  unusual  in  companson  to  other  seismic 

phases.  First,  they  are  much  more  prominent,  and  have 
much  higher  signahto-noise  ratios,  than  the  direct  P  or  S 
phases.  Second,  their  frequency  content  is  much  higher  than 
that  of  other  phases.  At  2000  km  distance,  the  observed 
frequencies  of  Po  and  So  are  as  high  as  30  and  35  Hz, 
respectively,  and  at  3300  km,  they  are  as  high  as  IS  and 
I  20  Hz,  respectively.  Third,  although  So  has  a  slightly  higher 
frequency  content  than  Po,  the  former  is  often  completely 
absent  and  the  Po  wavetram  is  usually  much  longer  than  the 
So  wavetram.  Fourth,  observations  suggest  that  Po/So 
veloaties  depend  on  lithosphenc  age.  An  account  of  these 
observations  may  be  found  in  Walker  (1977,  1981.  1982, 
I  1984),  Sutton  &  Walker  (1972),  Walker  «  al.  (1978), 

Walker,  McCreery  &  Sutton  (1983),  Walker  &  McCreery 
(1985,  1987)  and  McCreery  (1981).  Recent  observations  also 
suggest  anisotropic  propagation  velocities  in  Po/So 
(Shimamura  &  Asada  1983,  Shimamura  1984,  Butler  1985). 

Some  attempts  to  explain  the  generation  and  propagation 
of  Po/So  have  been  made  through  qualitative  studies  and 
I  quantitative  computer  modelling.  The  nearly  constant 

propagation  velocity  and  low  attenuation  of  these  phases  led 
scientists  to  regard  Po/So  as  guided  waves  in  the  high-C 
lithosphere,  overlying  the  low*(2  and  low-velocity  astheno- 
sphere  (Shurbet  1962,  1964;  Bath  1966;  Oliver  &  hacks 
1967,  Molnar  &  Oliver  1969;  Mitronovas,  hacks  &  Seeber 
1969;  Walker  &  Sutton  1971;  Sutton  &  Walker  1972, 
*  Barazangi,  hacks  &  Oliver  1972;  Hart  &  Press  1973; 

Talandier  &  Bouchon  1979).  Kind  (1974)  used  the 
reflectivity  method  of  Fuchs  &  Mdller  (1971)  to  generate 
phases  similar  to  Po/So,  simply  by  assuming  that  the  lower 
part  of  the  lithosphere  consists  of  alternating  high-  and 
low-velocity  layers.  Fuchs  &  Schultz  (1976)  used  the  same 
I  technique  to  explain  that  such  phases  could  be  generated  if 

the  lower  part  of  the  lithosphere  consists  of  thm 
high-velocity  layers  and  overlies  a  low-velocity  astheno- 
sphere  Stephens  &  Isacks  (1977)  showed  that  the  Earth’s 
sphencity  creates  an  effective  waveguide  for  SH  above  the 
low-velocity  zone  of  the  upper  mantle.  They  also  showed 
that  modes  with  group  velocity  maxima  greater  than 
t  4  7kms“‘  (the  group  speed  of  So)  have  substantial 
displacements  in  the  low-velocity  zone  for  periods  above 
1.5  seconds,  but  not  for  penods  of  less  than  this.  They 
suggested  that  this  sphericity  waveguide  permits  high 
frequency  propagation  up  to  a  distance  of  4500  km 
Mantovani  et  al  (1977)  earned  out  similar  computations  to 
I  show  that  So  could  be  generated  both  with  or  without 
low-veloaty  zones  and  that  m  the  case  of  models  without 
low-velocity  zones,  the  later  part  of  the  So  wavetram 
samples  structure  as  deep  as  the  420-km  discontinuity 


Menkc  &  Richards  (1980)  interpreted  Po 
whispenng  gallery  waves  for  models  similar  to  of 
Stephens  &  ^cks  (1977).,  All  these  efforts  cxplain^'^me 
of  the  feature  e;^ibit^  by  Po/So  in  terms  of  their 
velocities  and. ^yalltimes., However  none  could  success¬ 
fully  model  the  long  coda  duration  that  charactenzes  these 
phases  Gettrust  &  Frazer  (1981)  first  used  the  reflectivity 
technique  to  corretaly  rtiodel  the  traveltime  as  well  as  the 
first  15-20  s  of  the  Po  wavetraih  up  to  a  distance  of  900  km, 
for  a  typical  oceanic  model  obtained  from  seismic  refraction 
studies  in  the  Padfic.  Though  their  computation  was 
over-simplified,  as  they  included  only  one  free  surface 
multiple,  it  matched  the  data  well.  Menke  &  Chen  (1984), 
from  their  studies  of  acoustic  wave  propagation  in  a 
randomly  layered  medium,  suggested  that  Po/So  might 
consist  predominantly  of  forward  scattered  coda  off  a 
randomly  layered  mantle.  Sereno  &  Orcutt  (1985)  used  a 
model  similar  to  that  used  by  Gettrust  &  Frazer  (1981)  and 
computed  synthetics  for  both  Po  and  So  up  to  a  distance  of 
l(X)0km  and  a  frequency  of  6.4  Hz  Tiieir  analysis  of  both 
real  and  synthetic  Po/So  signals  showed  that  multiple 
reverberations  within  the  sediment  and  the  water  column 
can  explain  many  features  of  the  Po/So  spectra  However, 
all  the  conclusions  of  Sereno  &  Orcutt  (19^)  were  based  on 
a  single  velocity  model,  the  same  model  used  by  Gettrust  & 
Frazer  (1981)  Moreover,  Sereno  &  Orcutt  (1985)  did  not 
try  to  match  their  synthetics  with  real  Po/So  data  in  the 
time  domain  or  the  time-frequency  domain.  A  comparison 
of  synthetics  with  actual  Po/So  data  shows  that  the  Gettrust 
&  Frazer  (1981)  mode)  does  not  give  the  very  long  codas 
characteristic  of  Po/So.  In  more  recent  work,  Sereno  & 
Orcutt  (1987)  improved  upon  the  Gettrust  &  Frazer  (1981) 
model  With  a  more  appropriate  frequency-dependent  Q 
structure  in  the  lithosphere  to  model  Po/So  data  collected 
from  the  1983  Ngendei  Seismic  Experiment  in  the  southwest 
Pacific.  Their  modelling  showed  that  the  charactenstic 
shapes  of  Po/So  spectra  are  due  to  water-sediment 
reverberation.  The  modelling  experiments  presented  in  this 
paper  (discussed  below),  indicate  that  although  water- 
sediment  reverberation  is  important  in  lengthening  the 
Po/So  coda,  the  fine-scale  vertical  structure  in  the  oceanic 
lithosphere  is  equally  important.  The  fine-scale  lithospheric 
structure  homogenizes  the  Po/So  coda  in  the  time  domain, 
spreading  coda  energy  into  the  gaps  between  the 
water-sediment  reverberations. 

So  far,  there  has  been  no  oceanic  velocity  model  that  is 
able  to  fit  the  observed  Po/So  wavetram  in  the  time 
domain,  or  in  the  tr.ne-frequency  display  often  used  to 
display  Po/So  observations  Computer  runs  using  more 
realistic  models  than  that  used  by  Gettrust  &  Frazer  (1981) 
and  Sereno  &  Orcutt  (1985, 1987)  up  to  much  higher 
frequencies  and  greater  distances  are  required  for  this 
purpose.  Unfortunately,  the  cost  of  computing  such 
synthetics  is  large  even  for  stratified  models,  partly  because 
of  the  large  source-receiver  distances,  measured  in 
wavelengths,  and  partly  because  of  the  observed  frequency 
dependence  of  Po  and  SoQ's  I*  is  known  that  reflectivity 
codes  can  be  vectonzed  if  the  frequency  dependence  of 
veloaties  is  neglected  (Phinr.ey,  Odom  &  Fryer  1988, 
Odegard,  M  E  ,  personal  communication)  However,  as  the 
Q,  and  the  fall-off  rate,  of  Po/So  appear  to  vary  with 
frequency  (Brandsdottir  1986,  Novelo-Casanova  &  Butler 
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1986,  Sercno  &  Orcutt  1987)  it  seems  desirable  to  take 
account  of  the  frequency  dependence  of  seismic  velodties. 
Recently,  Mallick  &  Frazer  (1986,1988)  showed  how 
reflectivity  codes  can  be  made  to  vectorize  even  when  the 
seismic  velocities  are  frequency  dependent.  Apphcatiot^  of 
their  method  to  the  modelling  of  marine  seismic  refraction 
data  were  ^ven  in  Duennebier  &  Mallick  (1985), 
Duennebier  et  al.  (1987),  and  Sen  et  al  (1988).  In  this  paper 
their  method  is  used  to  synthesize  PofSo  seismograms  for  a' 
variety  of  oceanic  models  for  comparison  with  PofSo  data 
recorded  during  the  OSS  IV  experiment  (C^^ro  & 
Duennebier  1987). 


2  A  REFLECTIVITY  CODE  FOR 
MODELLING 

Computation  of  ?olSo  synthetic  seismograms  with  present 
hardware  requires  a  relatively  efficient  reflectivity  code*  The 
factors  which  affect  the  speed  of.computation  aref 

(1)  the  reflectivity  function  must  be  adequately  sampled 
m  wavenumber,  in  order  to  avoid  distance  aliasing  on 
transformation  into  the  offset  domain, 

(2)  often  a  time  senes  much  longer  than  the  signal  of 
interest  must  be  computed  m  order  to  avoid  time  aliasing, 

(3)  velocity  gradient  zones  are  often  approximated  by 
many  thin  layers. 

The  experience  of  many  workers,  reviewed  and 
summanzed  by  Mallick  &  Frazer  (1985, 1987),  has  shown 
that: 

(1)  the  use  of  a  generalized  Filon’s  method  (e.g.  Frazer 
1978;  Frazer  &  Gettrust  1984)  for  wavenumber  integration 
allows  a  larger  step  size  in  wavenumber, 

(2)  the  use  of  complex  frequencies  (Phinney  1965)  avoids 
computing  a  time*senes  longer  than  the  signal  of  interest, 

(3)  the  careful  use  of  phase  integrals  in  gradient  zones 
enhances  the  computation  speed  without  loss  of  accuracy 

Mallick  &  Frazer  (1986, 1988)  have  also  shown  that  if  the 
wavenumber  loop  is  made  the  innermost  loop  and  the 
frequency  loop  is  made  the  outermost  loop,  with  the  layer 
loop  intermediate  to  these  two  loops,  then  reflectivity  codes 
can  be  efficiently  vectorized  on  a  CRAY  X^MP  system,  even 
when  frequency-dependent  velocities  are  used.  The  speed 
and  effiaency  of  this  type  of  code  make  it  suitable  for 
modelling  Po/So  wavetrains 

3  MODELLING  OF  Po/So  DATA 
RECORDED  AT  OSS  IV 

In  this  section,  we  present  a  senes  of  numerical  experiments 
using  the  reflectivity  code  desenbed  above.  Our  objective 
was  to  model  the  Po/So  signal  recorded  from  an  earthquake 
dunng  the  OSS  IV  seismic  experiment.  The  details  of  this 
seismic  experiment  have  been  reported  elsewhere  (see 
Duennebier  et  ai  1987;  Ccssaro  &  Duennebier  1987)  but 
are  bnefly  summanzed  here  for  completeness 
The  ocean  sub-bottom  seismometer  (OSS  IV)  was 
emplaced  by  HIG  scientists  at  hole  581 C,  following  DSDP 
Leg  88  The  hole  drilled  through  356  m  of  sediment  and 
about  22  m  of  basalt.  The  instrument  package,  which 
consisted  of  a  vertical  4,5  Hz  geophone  slack  and  two 
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Figure  1.  Location  map  for  the  OSS  IV  area,  indicating  the  hole 
and  the  earthquake  locations. 


orthogonal  honzontal  4.5  Hz  geophone  pairs,  was  clamped 
about  20  m  above  the  basalt.  Dunng  a  period  of  64  days, 
from  1982  September  11  to  1982  November  17,  OSS  IV 
recorded  660  earthquakes,  of  which  59  were  reported  by  the 
National  Earthquake  Information  Service  (NEIS)  Many  of 
these  earthquakes  generated  distinct  Po/So  arrivals.  Fig.  1 
shows  a  location  map  of  the  OSS  IV  site.  The  data, 
onginally  recorded  on  analogue  magnetic  tapes,  were  later 
digitized  at  a  rate  of  80  samples  s”‘.  Fig  2(a)  shows  the 
vertical  response  recorded  by  OSS  IV  from  one  of  the 
earthquake  events  slated  above  This  event  was  reported  by 
NEIS:  ongm  lime,  1982  November  4,  09  29.53  2  ut, 
mb* 5.7,  latitude;  44  045’N,  longitude;  148.04*E,  depth, 
39km,  best  double  couple,  M£,*9  3  x  lO^^NPl:  slnkc* 
204^  dip -19*.  slip** Sir  NP2:  strike »66“,  dip *76". 
slip  ■  103"  The  reported  epicentre  lies  al  a  distance  of  8  47'* 
(~941  km)  and  at  an  azimuth  of  274  9"  from  the  OSS  IV 
site.  This  data  trace  is  of  extremely  good  quality  and  many 
of  the  numerical  experiments  described  below  were  made  in 
an  attempt  to  model  this  Po/So  trace,  Since  the  recorded 
honzontal  motions  were  clipped  and  relatively  noisy  for  this 
earthquake,  as  well  as  for  the  other  earthquakes  whose  focal 
mechanisms  solutions  are  reliably  known,  we  reslncted  our 
modelling  to  the  vertical  gcophone  response  only  In  Fig 
2(b'-0.  this  vertical  response  is  replottcd  after  filtering  with 
frequency-domain  Hanning  windows  of  0-25  6,  0-12.8, 
0-6.4,  0-3  2  and  0-1  6  Hz  (see  Mallick  &  Frazer  (1987)  for 
the  details  of  the  Hanning  window]  This  allowed  us  to 
determine  approximately  the  maximum  frequency  content 
of  the  data  and  the  frequency  window  withm  which  Po  and 
5o  are  clearly  observed  A  comparison  of  the  raw  data  and 
the  data  filtered  with  different  windows  shows  that  there  is 
little  energy  above  noise  beyond  25  Hz  and  that  6  Hz  energy 
must  be  included  in  order  to  observe  distinct  So  ..mvals  We 
therefore  computed  synthetics  for  all  the  trial  models  up  to 
6  4  Hz,  convolved  the  computed  response  with  the  OSS  IV 
instrument  response  function  (Fig  3  shows  the  instrument 
response  function  with  formula),  filtered  with  a  0-6  4  Hz 
Hanning  window,  and  compared  the  results  with  the 
observed  data  filtered  in  the  same  way  For  the  model  which 
best  fits  the  data  up  to  6  4  Hz,  synthetics  were  computed  to 
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Figwc  2.  OSS  IV  data  Altered  with  different  Hanning  windows,  as  indicated 


higher  frequencies.  Unless  otherwise  specihed,  all  the 
synthetics  shown  are  scaled  so  that  each  trace  has  the  same 
maximum  amplitude. 

We  now  review  some  earlier  seismic  velocity  models  for 
the  area  of  the  OSS  IV  site.  The  model  used  by  Gettrust  & 
Frazer  (1981)  to  compute  Pa  synthetics  was  consistent  with 
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figure  3.  OSS  IV  instrument  response  function  with  formula  (a) 
Response  in  time  domain,  Altered  with  a  0-15  Hz  Hanning  window, 
(b)  response  in  frequency  domain  and  (c)  response-function 
fonnula 


prior  refraction  studies  in  this  area  As  very  little 
information  about  Q  was  available  at  that  time,  Gettrust  & 
Frazer  (1981)  used  a  constant  Qp  of  5000  and  Qg  of  2500 
throughout  the  crust  and  lithosphere.  Sereno  &  Orcutt 
(1985)  modified  the  model  of  Gettrust  &  Frazer  (1981)  to 
include  different  Q’s  for  water,  sediment,  basement  and 
upper  mantle.  Their  mode)  will  be  referred  to  here  as  the 
Gettrust  &  Frazer  (Sereno  &  Orcutt  Q)  model,  or  simply 
iheGF(SOQ)  model.  Asada  &  Shimamura  (1976),  from  the 
longshot  seismic  expenments,  obtained  a  best*lit  mode)  for 
the  crust  and  the  upper  mantle  of  this  area.  This  mode)  is 
referred  to  here  as  the  Asada  &  Shimamura  mode)  or  the 
AS  mode).  Dziewonski  &  Anderson  (1981),  from  the 
inversion  of  seismic  data  on  a  globa)  scale,  obtained  a 
preliminary  reference  earth  mode)  (PREM),  which  is  an 
average  mode)  for  the  whole  Earth.  Finally,  Duennebier  ei 
ai.  (1987),  studied  the  OSS  IV  refraction  data  and  nearby 
OBS  data  obtained  from  the  Soviet  airgun  shots  and 
obtained  a  crustal  model  for  the  OSS  IV  area  (Fig  4).  Even 
the  Ane^scale  features  of  the  OSS  IV  model  of  Duennebier  ei 
al.  (1987)  were  very  strongly  constrained  by  the  data,  and  so 
the  OSS  IV  model  shown  m  Fig.  4  is  thought  to  be  an 
accurate  model  for  the  crust  in  this  area.  This  model  also 
useda  frequency*dependent  Q  structure,  using  a  generalized 
Stnek’s  power  law  with  a  reference  frequency  of  1  Hz, 
aeO.l  and  c»0  001.  A  detailed  account  of  these 
parameters  may  be  found  in  Stnek  (1967, 1970)  and  Mallick 
&  Frazer  (1987).  It  was  therefore  thought  reasonable  to  fix 
the  OSSIV  model  for  the  crust  and  to  vary  the  mantle 
structures,  from  GF(SOQ),  PREM  and  AS  models,  in  our 
pre'.minary  trials  These  three  preliminary  models  are 
shown  in  Fig  S(a),  (b)  and  (c)  and  a  companson  of  the 
observed  data  with  the  syntlictics  computed  using  these 
models  IS  shown  in  Fig.  6  It  can  bo  seen  that  none  of  these 
models  generates  enough  So  amplitude.  Even  though  the 
velocity  gradient  in  the  PREM  mantle  was  extended  to  great 
depth,  there  is  not  much  difference  between  the  Po  coda 
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F%ure  4.  P*wavc  velocity  (CL),  P*wave  QiQL),  5-wave  velocity  (CT),  5-wavc  Q(QT),  density  (RHO)  and  Poisson's  ratio  (POISSON  RAT) 
as  a  function  of  depth  for  the  OSS  IV  crustal  model  Q  values  shown  are  at  a  reference  frequency  of  t  Hz. 
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figure  5.  P-wave  velocity  (CL),  P-wave  C(Ql')i  -S-wave  velocity  (CT),  5-wave  0(QT),  density  (RHO)  and  Poisson’s  ratio  (POISSON  RAT) 
as  a  function  of  depth  for  (a)  GF(SOQ),  (b)  AS,  and  (c)  PREM  models 
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Figure  6.  OSS  IV  data  compared  wtn  synthetics  computed  usine 
models  GF(SO0),  AS  and  PREM,  up  to  a  maiimum  frequency  of 
6.4  Hz  ^  * 

obtained  from  the  GF(SOQ)  mantle  and  that  from  the 
PKfcM  mantle,  with  the  indication  that  only  the  first  few 
hundred,  kilometres  of  the  mantle  are  involved  in  the 
propagation  of  Po/Jo,  Neither  the  GF(SOO)  nor  the 
t'RbM  mantle  gives  a  long  enough  Pa  coda.  The  AS  model 


giv«  a  longer  Po  coda,  but  its  traveltimes  are  inconsistent 
with  the  data.  The  longei  Po  coda  obtained  from  the  AS 
model  suggests  that  the  upper  mantle  structure  given  by  this 
tnodel  may  be  more  correct,  although  the  velocities  must  be 
changed  in  order  to  match  the  traveltimes  correctly.  The 
relatively  low  amplitude  ratio  or  So  to  Po  suggests  that  the 
ratio  of  Qg  to  Qp  in  the  lithosphere  may  be  too, tow  in  all 
three  models.  In  all  the  above  models,  a  frequency 
dependence  of  Q  similar  to  that  of  the  OSS  IV  crustal  model 
was  assumed,  with  Qp  and  set  at  600  and  300, 
res^c  ively,  at  the  reference  frequency  of  1  Hz.  In  the  AS 
"*  O  “  'ow-«locity  zone.  Qp  and  Q,  of  200 

de^ndenre**'^'™'^’  ^ 

In  the  next  modelling  attempt  the  frequency  dependence 
remained  the  same,  but  Qp  and  Q^  were  raised  a;  the 
refetena  frequency  to  1000  and  800,  respectively,  except  in 
the  LVZ,  where  Qp  and  Q^  were  raised  to  600  and  300, 
rwpectively.  After  a  few  trials  we  obtained  model  NM-1 
shown  in  Fig.  7,  which  improved  the  quality  of  the  Po  and 
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COMPARISON  WITH  OAIAAfoqo^ 


SYNTHETIC 


7,  Synthetic  seismograms,  computed  usms  model  NM-i  ih*  /u\  .t 
ra.nges  from  141  km  to  194.’  km  in  steps  of  200  km  and  fc)  comoanvl^t  tt^  Kc  ’  record  section  for  vertical  particle  veloaiy  at 

were  computed  up  to  a  maximum  frequency  uf  6  4  Hz.  ^  obsened  data  with  the  synthetic  seismogram  at  940  km  Synthetics 


So  coda,  a'tiiough  the  agreement  of  data  and  synthetic  is  far 
from  perfect  The  traveltimes  of  Po  and  So  arnvals  are 
reasonably  good  bilt  the  Po  and  So  codas  from  this  mo3ei 
are  still  far  too  small  and  too  short  in  duration. 

possible  explanation  for  the  long  coda  duration  of 
Po/So  was  first  given  by  Fuchs  &  Schultz  (1976)  Their 
(X)mputation  suggest^  that  sudi  coda  could  be  generated  if 
the  lower  part  of  the  lithosphere  consists  of  thin 
high-velocity  layers  overlying  a  low-veloaty  asthenosphere. 
Wenzel,  Sandmeier  &  WSIde  (1987)  explained  the  complei^ 
nature  of  the  Seismic  reflection  and  refraction  data  by  using 
thin  random  layers  in  the  lower  crust  In  order  to  improve 
upon  the  (X>da,  we  hypothesize  that  upper  mantle  veloaties 
are  random,  with  a  certain  standard  deviation  from  mean 
velocity-depth  functions;  this  randomness  is  due  to  a 
vanable  intermixing  of  two  mineral  assemblages  with 
veloaties  at  the  upper  and  the  lower  limits  of  the 
randomness.  This  means  that  a  uniform  probability  density 
function  for  velocity  variations  is  more  appropriate  than  a 
Gaussian  distribution  Furthermore,  because  temperature 
and  pressure  gradients  in  the  mantle  are  nearly  vertical,  the 
scale  length  of  mantle  heterogeneity  is  likely  to  be  mudi 
larger  in  the  horizontal  direction  than  in  the  vertical 
direction  Thus  our  model  of  the  mantle  consists  of  many 
thin  honzontal  layers,  which  behave  like  thin  lenses,  with 
aspect  ratios  greater  than  about  fifty  Technically  the  seismic 
response  of  such  a  mantle  cannot  be  modelled  with  a 
reflectivity  code  because  the  code  assumes  the  layers  to  be 
infinite  in  length  However,  scattenng  studies  using  random 
layers  (Menke  1983;  Mcnke  &  Chen  1984;  Mcnkc,  W., 
personal  communication)  have  shown  that  a  surpnsingly 
small  number  of  layers  is  needed  before  one  random 
velocity  process  gives  the  same  seismic  response  as  another 
such  process  This  being  the  case,  a  reflectivity  code  may 
safely  be  used  to  model  the  thin  lens  medium  described 
above  providing  the  vertical  scale  length  of  the  heteroge¬ 
neity,  i.e.  the  thickness  of  the  lenses,  does  not  change  with 
X  To  understand  this  point,  consider  the  veloaiy  function 
beneath  the  source  and  the  velocity  function  beneath  the 
receiver  In  general  their  random  components  will  be 
different,  but.  as  both  random  components  give  the  same 
seismic  response,  just  one  of  them  may  be  used  at  both  the 
source  and  the  receiver  and  the  same  seismogram  will  still 
be  obtained. 

The  probability  density  function  used  here  for  the  random 
component  of  velocity  in  each  mantle  layer  is 

.f-V3J«u.^V3d 

[o  if|i/,l>V3./ 


^  in  which  U|  IS  the  variation  of  veloaty  in  per  cent  and  d  is 
I  t  the  standard  deviation  of  the  distribution  p(U|)  For 

"  example,  if  in  a  layer  is  8.1  and  a  value  of  U|  is  drawn 

J  from  the  distribution  p(vi)  then  the  value  of  Vp  used  in 

I  place  of  8  1  IS 

81(l  +  u,/100) 

I  As  Vp  and  Vs  are  assumed  to  be  correlated,  the  same  value 

elocity  at  of  t'l  used  for  both  Therefore  two  parameters  are 

iyothtucs  supplied  to  the  computer,  (i)  the  standard  deviation,  d. 

I  from  the  mean  veloaty  value  (in  per  cent)  and  (ii)  the 
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thickness  of  eadi  layer  having  random  velocities,  i  e.  the 
vertical  scale  length  of  the  randomness  A  random  model  is 
generated  from  a  given  mantle  background  veloaty  model 
by  introducing  thin  layers  with  thicknesses  equal  to  the 
vertical  scale  length,  and  with  velocities  randomly 
distributed  about  the  mean  ^ven  by  the  background  model 
veloaties.  When  P-  and  5-wave  veloaties  are  random  the 
density  is  also  expected  to  be  random.  However,  any  such 
randomness  in  density  is  expected  to  be  too  small  to  affect 
the  computed  synthetics  Therefore,  the  density  was  not 
randomized. 

The  vertical  scale  length  was  finally  fixed  at  5  km  after 
various  scale  lengths  had  been  tned,  and  subsequently  only 
the  percentage  of  randomness  was  changed.  To  the  model 
NM-1  shown  m  Fig.  7,  dal  per  ceut  randomness  was 
introduced  in  the  mantle,  and  the  result  is  shown  in  Fig.  8. 
This  gave  only  a  small  increase  in  the  coda  from  that  of  the 
equivalent  non-random  model.  Fig.  9  shows  the  results  of 
in^easing  the  randomness  to  d  a  2  per  cent  in  model  NM-1. 
Although  it  still  decays  too  rapidly,  the  Po  coda  of  the 
synthetic  now  resembles  the  Po  coda  of  the  data  to  a  much 
greater  extent.  The  So  coda  of  the  synthetic  still  contains  far 
less  energy  than  the  So  of  the  data.  Earlier  modelling 
expenence,  with  non-random  models,  suggested  that 
changing  the  behaviour  of  (2  as  a  function  of  frequency 
could  be  used  to  improve  the  So  amplitude.  Changes  in  Q 
that  were  uniform  across  the  frequency  band  gave  incorrect 
relative  amplitudes  of  Po  to  So.  Moreover,  as  mentioned 
earlier,  model  NM-1  docs  not  give  very  accurate  Po  and  So 
arrival  times.  Either  model  NM-1  must  be  modified  or  we 
must  begin  with  a  different  model  that  gives  better  arrival 
times.  Inspection  of  the  GF(SOQ)  model  (Fig  5a)  and  the 
synthetics  computed  using  this  model  (Fig.  6)  shows  that 
even  though  this  model  does  not  generate  good  coda,  it  does 
g)ve  fairly  accurate  arrival  times.  The  result  of  randomizing 
GF(SOQ)  is  shown  in  Fig.  10.  The  randomized  GF(SOO) 
has  good  codas  and  arrival  times.  However,  a  careful  look  at 
the  record  section  plot,  (Fig.  10b),  reveals  that  the 
randomized  GF(SOQ)  mantle  has  a  new  phase,  travelling 
with  a  velocity  greater  than  8  5  km  s'*.  As  this  high- velocity 
phase  IS  not  present  in  the  data,  we  rejected  the  GF(SOQ) 
mantle  and  continued  work  on  NM-1 

To  improve  the  arrival  times  and  amplitudes,  both  the 
mantle  velocities  and  the  Q  structure  of  NM-I  were 
modified  The  resulting  model  is  referred  to  as  NM-2.  The 
Q  structure  for  NM-2  was  taken  from  the  recent 
observational  work  of  Butler  et  al.  (1987)  who  used  Po/So 
data  from  the  Wake  Island  array  to  estimate  mantle  Qp  and 
^5  as  a  function  of  frequency.  They  found  that  mantle  Qp  is 
roughly  proportional  to  ’  (/  « frequency)  and  nscs  from 
300  al  2.5  Hz  to  1500  at  17.5  Hz  Mantle  (2s  on  th®  other 
hand  was  reported  to  be  roughly  proportional  to /’  *,  rising 
from  about  400  at  2.5  Hz  to  about  3000  at  22  5  Hz  In  order 
to  treat  frequency-dependent  attenuation  it  is  convenient  to 
make  use  of  some  attenuation  law,  e.g.  the  absorption  band 
law  (Liu  et  al  1976)  or  Strick's  power  law  (Stnek  1967, 
1970)  and  to  choose  parameters  such  that  Qp  and  Qg  come 
out  as  desired.  For  example,  Butler  et  a!  (1987)  fitted  an 
absorption  band  model  to  data  from  (he  western  Paafic  As 
in  our  earlier  computations,  we  used  an  extended  Stnek’s 
power  law  and  found  that  the  choices  o  =  0  7,  c  =  0  001, 
and  Q/,  =  300  (at  /,  =  2  5Hz)  for  P- waves  and  a  =  l  I, 
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Fltwe  8.  Same  as  Fig  7.  but  now  using  (he  model  NM-I  whose  mantle  velocities  have  bc;n  randomized  with  a  standard  deviation  of  1  per 
cent  and  vertical  scale  length  of  Skm. 


(*>0.001,  and  Ci«400  (at  /,»2.5Hz)  for  5-wavcs  (see 
Mallick  &  Frazer,  (1987)  for  (he  details  of  these  parameters] 
matched  the  observed  attenuation  curves  of  Butler  tt  ai 
(1987).  The  synthetic  seismograms  for  model  NM-2  with 
d  B  2  per  cent  randomness  are  shown  in  Fig.  11.  The  arnval 
times  are  now  improved  and  the  Po  coda  is  fairly  good  but 
the  So  coda  has  not  improved  at  all.  (This  lack  of  agreement 
with  Butler’s  results  is  due  to  the  fact  that  the  Q's  obtained 
by  Butler  e/  a!  1987,  are  apparent  <2's  whereas  our  Q  values 
are  mtnnsic  Q's  See  Discussion  section  below )  After  a 
long  senes  of  trials  we  obtained  the  best'ht  model  NM-3, 
shown  in  Fig.  12(a)  with  randomness,  and  in  Fig.  13(a) 
without  randomness.  The  synthetics  in  Figs  12(b)  and  (c) 
were  computed  up  to  a  maximum  frequency  of  IS  Hz.  The 
essential  feature:^  of  model  NM>3  may  be  summanzed  as 
follows. 

(1)  The  crustal  veloaties,  densities,  Qp  and  Qs  arc 
exactly  the  same  as  that  of  Duennebier  et  al  (198“) 

(2)  Mantle  velocities  are  random  with  </  =  2  per  cent 
randomness  and  a  S-km  vertical  scale  length. 

(3)  From  the  Moho  down  to  a  depth  of  about  60  km,  the 


mean  veloaties  nsc  gently  with  depth.  The  mean  Vp  nses 
from8.1!>64  to  8  1807  km  s”'  over  this  depth  range,  whereas 
the  mean  Vs  nses  from  4.7144  to  4  7233  km  s“*.  (The  extra 
digits  in  these  speeds  are  included  for  the  use  of  anyone  who 
wishes  to  compute  the  exact  seismogram).  Qp  and  Qs  are 
frequency  dependent  in  this  zone  Qp  is  roughly 
proportional  to  nsing  from  about  450  al  /  =  1  Hz  to 
about  800  at  /» 15  Hz  Qs  on  the  other  hand  is  roughly 
proportional  to  rising  from  about  900  at  /  =  1  Hz  to 
about  1800  al  /  =  15  Hz  This  zone  of  the  upper  mantle  can 
be  regarded  as  the  lid  of  the  oi^anic  lithosphere 

(4)  At  around  60  km  below  Moho,  Vp  and  Vg  drop  to 
8.0065  and  4  5796kms"‘,  respectively  Qp  in  tms  or^v 
varies  from  100  at  /  =  lHz  to  about  180  at  /  =  15Hz 
whereas  Qs  vanes  from  50  at  /  =  I  Hz  to  about  100  at 
/  B  15  Hz.  For  P,  this  low-velocity  low*0  zone  extends 
down  to  85  km,  whereas  for  S  it  continues  to  160km  below 
Moho  (see  lug  13a  for  details). 

(5)  Below  the  LVZ,  Vp  and  Vg  increase  gently  with 
depth,  at  a  rate  which  is  difficult  to  infer  from  the  PolSo 
data.  Qp  and  Qs  m  this  zone  seem  to  have  a  frequency 
dependence  similar  to  that  of  the  LID  Modelling  indicates 
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(hat  the  gentle  gradient  in  this  zone  is  requited  by  the 
observations. 

The  agreement  of  data  and  synthetic  in  Fig  12,  while  not 
perfect^,  is  significantly  belter  than  the  agreement  in  any  of 
the  other  figures  Fig.  14  shows  the  data  and  synihetic  of 
,  rig.  12c  in  the  time-frequency  domain  and  the  agreement 
there  is  also  very  good.  While  the  modelling  does  not  prove 
that  the  charactenstic  codas  of  Po  and  So  are  caused  by 
vertical  heterogeneity  in  a  high-f?  upper  mantle,  it  does 
Show  that  such  a  mantle  is  consistent  with  PolSo 
observations. 

,  While  there  are  undoubtedly  many  kinds  of  heterogeneity 
.that  contribute  to  PotSo  coda  waves  it  is  of  interest  to  know 
fwhich  kinds  of  heterogeneity  contnbute  the  most.  Sereno  & 
JOrcutt  (1985)  showed  that  the  sediment  and  the  water 
|»lumn  play  a  significant  role  in  the  generation  of  PolSo 
pnlling  results  at  hole  581 C  suggest  that  the  ocean 
|sedimenls  there  contain  2  per  ceni  thin  (~10cm) 
|liigh-velocily  Chen  layers  and,  that  if  PolSo  were  controlled 
imainly  by  the  water  column  and  the  sediment,  these  chert 
|laycis  might  have  a  signficant  effect  on  its  coda  Also,  it  was 

I 


suggested  that  PoJSo  might  be  generated  by  a  randomly 
layered  lower  crust.  In  order  to  investigate  these 
possibihiics,  we  first  computed  synthetics  for  model  NM*3 
with  a  non-random  upper  mantle  These  arc  shown  m  Fig 
13.  We  then  introduced  chert  layers  (VV»6kms"*, 
Vs  **  3.5  km  s  ’)  of  10-cm  thickness  randomly  distnbuted  as 
2  per  cent  of  the  sediment  To  do  this,  the  entire  sediment 
column  was  first  sub-divided  into  5-m  thick  zones.  Each  S-m 
zone  was  then  divided  into  50  layers,  each  having  a 
thickness  of  10  cm.  Then,  by  generating  a  random  number 
between  one  and  50,  one  lO^m  layer  in  each  5-m  zone  was 
randomly  selected  as  a  chert  layer.  Fig  15(b)  shows  the 
computed  synthetic  seismograms  for  this  model.  Com¬ 
parison  of  Fig  15(b)  with  Fig.  13(c)  indicates  that  PolSo 
codas  arc  not  caused  by  scattering  from  chert  layers  within 
the  sediment  column. 

The  lower  crustal  velocities  were  then  randomized  with  a 
standard  deviation  of  d  «  5  per  cent  To  do  this,  each  layer 
of  the  lower  crust  (see  Fig  4)  was  randomized  using  the 
probability  density  function  given  by  equation  (1)  The 
synthetics  for  this  random  lower  crust  are  shown  in  Fig 
15(c).  Comparsion  of  Fig.  13(c)  (non-random  crust  and 
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I1(iire  IS.  (a)  OSS  IV  PolSo  data,  (b)  Synthetic  computed  with 
nomrandom  NM'3  mantle  and  with  2  per  ant  of  the  sediments 
composed  of  randomly  distnbuted,  10^  thick  chert  layers  (c) 
Same  as  (b).  but  with  no  chert  in  the  sediment  and  a  random  d  «  5 
per  ant  lower  crust,  (d)  Same  as  Fig.  12(c),  but  with  another  choia 
of  the  random  mantle  velocities,  (e)  Same  as  Fig  12(c).  but  with  a 
vertical  sale  length  of  2  5  km.  (0  Same  as  Fig.  12(c).  but  with  a 
vertial  sale  length  of  10  km.  (g)  Same  as  Fig.  12(c),  but  with  d  » I 
per  ant  randomness  (h)  Same  as  Fig.  12(c).  but  with  d  «4  per 
ant  randomness  (i)  Same  as  Fig  12(c).  but  the  model  ts 
terminated  at  the  top  of  the  LVZ  with  a  homogeneous  half«$paa 
())  Same  as  Fig  12(c),  but  the  model  here  does  not  have  any  LVZ. 
the  gradients  above  LVZ  were  antinued  through  the  mantle  (k) 
Same  as  Fig  12(c),  exapt  that  the  top  20km  of  the  mantle  have 
now  a  Qs  slightly  lower  than  Qf 


mantle)  with  Fig.  lS(c)  (random  crust,  non-random  mantle) 
indicates  that  ?oi$o  codas  are  probably  not  generated  by 
scattering  from  vertical  heterogeneity  within  the  lower  crust. 

The  fact  that  there  is  almost  no  difference  in  the 
computed  seismograms  presented  in  Figs  13(c),  lS(b)  and 
(c),  but  there  is  a  drastic  improvement  in  ?olSo  coda  m  the 
synthetics  shown  in  Fig.  12(c),  indicates  that  it  ts  the 
heterogeneity  of  the  upper  mantle  and  not  that  of  the 
sediment  or  the  lower  ausi  which  plays  the  most  significant 
role  in  the  generation  of  the  characteristic  PolSo 
wavetrains  The  crust  and  the  water  column  lengthen  the 
duration  of  PolSo  wavetrains,  but  without  mantle 
heterogeneity  these  wavetrains  still  do  not  resemble  the 
data  The  synthetics  shown  in  Figs  13,  15(b)  and  15(c)  were 
computed  up  to  a  maximum  frequency  of  10  Hz. 

The  calculations  discussed  above  indicate  that  a  randomly 
layered  mantle  is  consistent  with  our  observations  of  PolSo, 
coda,  but  many  questions  remain  Do  two  processes  of  (he 
same  mean  mantle  velocity  model  generate  synthetics  that 
arc  exactly  alike’’  Are  the  Pc  and  So  codas  sensitive  to  the 
value  chosen  for  the  scale  length  of  the  upper  mantle 
heterogeneity'’  What  effect  does  the  degree  of  randomness 
have  on  the  PolSo  coda'’  In  our  best-fit  model  of  Fig  12, 
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what  happens  to  the  PolSo  coda  if  the  model  at  the  top  of 
the  LVZ  is  terminated  or  the  LVZ  removed  altogether? 
Does  the  mantle  randomness  needed  to  account  for  the 
PolSo  coda  affect  the  waveshapes  of  long-penod  body  wave 
phases?  What  are  the  effects  of  errors  in  the  focal 
mechanism  of  the  source  and  the  time  behaviour  of  the 
source?  How  would  our  conclusions  be  affected  if  the  data 
were  clipped?  The  calculations  shown  in  Figs  15(d)-(j)  and 
16  address  these  questions.  Unless  specified,  the  synthetics 
shown  in  the  following  figures  were  computed  up  to  a 
maximum  frequency  of  10  Hz 
Figure  15(d)  shows  the  computed  synthetic  seismogram 
up  to  15  Hz  for  another  version  (different  set  of  random 
layers)  of  the  model  NM>3  of  Fig.  12(a)  Since  the  synthetics 
of  Figs  12(c)  and  lS(d)  are  nearly  alike,  it  may  be  concluded 
that,  for  the  calculation  of  synthetic  seismograms,  one 
choice  of  our  random  velocity  is  as  good  as  another;  in 
particular,  then,  the  same  version  may  be  used  for  all 
distances  between  the  source  and  receiver. 

Figures  lS(e)  and  (f)  show  the  effect  of  using  vertical 
scale  lengths  of  2  5  and  10  km  respectively  and  a 
randomness  of  d » 2  per  cent,  with  model  NM'3  A 
companson  of  Figs  12(c),  15(e)  and  lS(f)  suggests  that  the 
synthetics  computed  with  a  S-km  vertical  scale  length  of 
randomness  match  the  data  better  than  those  computed  with 
a  vertical  scale  length  of  2.5  km  or  10  km  Though  the  result 
with  a  2.5-km  vertical  scale  length  (Fig.  15e)  is  reasonable, 
espedally  for  Po,  a  10-km  vertical  scale  length  (Fig  150 
^ves  a  very  poor  match  of  the  synthetic  to  the  data. 
Computations  using  these  and  other  vertical  scale  lengths, 
not  induded  here,  suggest  that  the  best  estimate  of  ventcal 
scale  length  is  5  i  1  5  km.  However,  our  estimate  of  vertical 
scale  length  is  based  on  modelling  up  to  a  frequency  of 
15  Hz.  Since  the  data  contain  energy  up  to  25  Hz  (see  Fig. 
2),  modelling  to  higher  frequencies  might  have  resulted  in  a 
lower  estimate  of  the  vertical  scale  length  or  possibly  have 
required  a  distnbution  of  scale  lengths  Figs  15(g)  and  (h) 
show  results  using  model  NM-3,  with  a  5-km  vertical  scale 
length  and  randomness  values  of  d  «  1  per  cent  and  d  »  4 
per  cent  respectively  Companson  of  Figs  12(c),  t5(g)  and 
15(h)  suggests  that  a  randomness  of  d  »  2  per  cent  matches 
the  data  better  than  d » 1  per  cent  or  d » 4  per  cent 
although  the  result  of  using  d«4  per  cent  (Fig  I5h)  is 
reasonable  Computations  using  other  randomness,  not 
included  here,  suggest  that  our  best  estimate  of  mantle 
randomness  is  2  ^  d  4  per  cent 
Figure  15(0  shows  the  synthetic  seismogram  for  model 
NM-3,  homogeneous  below  the  top  of  the  Jow-velocily, 
low-0  zone  of  the  upper  mantle,  and  Fig  I5(j)  shows  the 
synthetic  for  the  same  model  with  the  low-vcioaty,  low-0 
zone  completely  removed  by  continuing  the  lid  velocity 
gradients  down  through  the  mantle.  In  both  synthetics  we 
used  the  same  upper  mantle  randomness  (2  per  cent,  5  km) 
as  in  model  NM-3  of  Fig  12  Companson  of  Figs  12(c)  and 
15(i)  suggests  that  when  the  model  is  terminated  at  the  top 
of  the  LVZ,  the  quality  of  the  Po  coda  is  poor,  but  So  does 
not  change  significantly.  Again,  companson  of  Figs  12(c) 
and  15(j)  sup^gests  that  when  the  LVZ  is  removed  from  our 
mode)  by  continuing  the  gradient  down  to  greater  depths  the 
agreement  of  the  Po  synthetic  with  the  data  ts  significantly 
degraded  As  the  overall  match  of  synthetics  to  the  observed 
data  IS  better  in  Fig.  12(c)  than  m  Figs  15(i)  and  (j),  it 
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appears  that  we  can  neither  terminate  the  model  at  the  top 
of  the  LVZ,  nor  remove  the  LVZ  altogether,  and  still  get 
the  same  synthetics  as  in  Fig.  12.  The  LVZ  Is  a  necessary 
part  of  the  earth  model  for  Po/So  modelling. 

In  order  to  investigate  the  sensitivity  of  our  results  to 
errors  in  the  earthquake  focal  mechanism  the  stnke  of  the 
source  was  varied  by  and  the  dip  of  the  source  by 
Synthetics  (not  shown  here)  for  these  four  sources  v^re 
slightly  different  from  the  NEIS-suppIied  source.  Since  the 
stereographic  plot  of  our  earthquake  source  and  receiver 
locations  on  a  focal  sphere  (not  shown  here)  does  not 
indicate  that  we  are  near  a  nodal  plane,  we  do  not  believe 
that  the  uncertainties  in  focal  mechanism  could  strongly 
affect  most  of  our  conclusio  «s  regarding  the  mantle  velodty  . 
structure  and  the  Q.  As  the  time  function  of  this  earthquake 
is  not  known,  a  unit  step  was  used  as  our  time  domain 
source  function.  This  gives  a  far*field  wavefront  wth  a 
6'function  displacement  behaviour.  If,  as  seems  likely,  the 
actual  source  were  more  complicated  as  a  result,  say,  of 
multiple  smaller  events,  then  the  effect  would  be  to  make 
the  coda  of  our  synthetics  slightly  more  dense  and  to 
improve  the  agreement  of  the  synthetic  and  the  observation 
in  Fig  12. 

Finally,  the  similarity  m  synthetics  up  to  0.2  Hz  computed 
with  the  non<random  and  random  versions  of  NM*3  shown  in 
Figs  16(a)  and  (b),  respectively,  shows  that  the  randomness 
required  to  explain  the  Po/So  coda  does  not  significantly 
affect  the  shapes  of  long*period  body  waves. 

The  Po/So  data  used  in  this  study  were  carefully  tested 
for  signs  of  hard  clipping  and  soft  clipping  but  no  evidence 
of  clipping  could  be  found.  However,  to  see  how  unknown 
clipping  would  affect  our  conclusions,  took  again  at  the 
comparison  of  synthetic  with  observation  at  the  bottom  of 
Fig.  12.  If  we  had  clipped  the  high  amplitudes  off  the 
synthetic  and  then  rescaled  it  so  that  its  maximum 
amplitudes  were  the  same  as  the  observation  then  Po  and  So 
codas  of  the  synthetic  would  be  larger  and  denser  and  decay 
more  slowly  In  short,  the  clipped  synthetic  would  resemble 
the  observation  much  better  than  the  undipped  synthetic. 
We  conclude  that  the  effect  of  unknown  clipping  would  be 
an  increase  in  the  apparent  randomness,  and  that  the  correct 
degree  of  randomness  is  withm  the  error  bounds  of  our 
estimate,  2  <  d  <  4  per  cent. 

If  the  characteristic  Po/So  codas  are  caused  by  a  vertically 
heterogeneous  upper  mantle  then  Po/So  data  give  an 
estimate  of  this  heterogeneity,  not  in  a  deterministic  sense 
but  rather  in  a  statistical  sense  of  standard  deviation  in 
percent,  from  a  mean  velocity-depth  function.  Both  Po  and 
So  contain  direct  as  well  as  converted  forward  scattered 
phases  off  the  randomly  layered  mantle.  For  Po,  P  to  S 
converted  arnvals  tend  to  stretch  the  coda  to  longer 
duration  For  So.  on  the  other  hand,  5  to  F  converted 
arrivals  tend  to  shorten  the  coda  duration.  As  a  result,  on 
the  seismograms,  it  is  expected  that  Po  will  have  a  longer 
coda  duration  than  the  So  (this  is  usually  the  case,  even 
though  this  is  not  indicated  by  the  data  we  have  modelled). 
In  order  to  match  the  observed  Po  and  So  amplitudes 
satisfactorily,  it  was  necessary  that,  m  the  mantle,  the 
frequency*dependent  Qs  be  higher  than  Qp  Thus  it  is  not 
surprising  that  the  So  signal  contains  higher  frequencies  than 
the  Po  signal.  Our  modelling  experiments  also  suggest  that 
the  So  coda  is  very  sensitive  to  Qs  in  (he  mantle  As  an 


example,  m  Fig.  15(k),  synthetic  seismograms  are  shown  for 
a  model  similar  to  1^-3  of  Rg.  12(a),  except  that  in  the  top 
20  km  of  the  mantle  Qs  is  slightly  less  than  Qp.  The  poor 
quality  of  the  So  coda  in  Fig  I5(k)  indicates  that  So  is  very 
senritive  to  Qs-  A  slight  decrease  of  Qs  in  a  small  zone  of 
the  lithosphere  significantly  reduces  So  amplitudes  We 
believe  that  this  is  the  reason  why  So  is  often  missing  from 
seismograms 

4  PETROLOGICAL  INTERPRETATION 

In  the  previous  section  it  was  shown  that  Po/So  can  be 
modelled  fairly  well  when  the  mantle  is  taken  to  be 
vertically  heterogeneous  with  a  2  per  cent  random  velocity 
vanation.  Apart  ffom  this  line  structure,  our  velocity  models 
are  not  remarkably  different  from  other  velocity  models  of 
the  oceanic  crust  and  lithosphere.  The  obvious  question 
therefore  anses:  how  can  we  petrologically  account  for  such 
a  random  velocity  vanation  in  the  upper  mantle? 

Present  knowledge  on  the  composition  of  the  upper 
mantle  is  based  on  two  possible  mineral  assemblages:  (1) 
pt.ndotite  and  (2)  eclogite.  Constraints  on  upper  mantle 
veloaty,  anisotropy  and  density,  from  observations  in 
ophiolite  complexes  and  kimberlite  pipes,  tend  to  favour  the 
^ndotite  upper  mantle  composition  over  the  eclogite  (e  g. 
Ringwood  1975).  On  the  other  hand,  observed  velocity 
jumps  at  the  400*km  seismic  discontinuity  and  the  nearly 
isotropic  behaviour  of  the  upper  mantle  below  220  km  are 
better  explained  by  an  eclogite  assemblage  (Bass  & 
Anderson  1984;  Estey  &  Douglas  1986)  Controversy  still 
exists  regarding  the  possible  composition  of  the  upper 
mantle  and  we  therefore  consider  each  of  the  above  two 
compositions  separately.  The  calculations  in  the  following 
paragraphs  are  based  on  isotropic  (randomly  oriented 
minerals)  velocities  of  peridotitic  and  cclogitic  mineral 
assemblages;  however,  our  conclusions  on  mantle  random* 
ness  would  be  the  same  it  each  assemblage  were  anisotropic 
due  to  preferentially  onented  minerals 
Pcndolitc  IS  mainly  an  olivine*  and  orlhopyroxene* 
bearing  rock  with  some  garnet,  cimopyroxene  and  other 
minor  constituents  A  typical  mantle  composition,  garnet 
Iherzolite,  is  57  per  cent  olivme,  17  per  cent  orthopyroxene, 
12  per  cent  cimopyroxene  (diopside)  and  14  per  cent  garnet 
(Bass  &  Anderson,  1984).  Using  the  F-  and  S*wave 
veloaties  of  these  minerals  for  typical  upper  mantle 
conditions  by  extrapolating  the  expenmenlatly  determined 
curves  in  fig.  I  of  Bass  &  Anderson  (1984),  the  above 
composition  yields  F*  and  .S*wave  velocities  of  about  8  0  and 
4.59  km  s”*  respectively.  If  we  now  use  a  composition  of  57 
per  cent  olivine,  10  per  cent  orlhopyroxene  and  33  per  cent 
garnet,  which  is  still  a  valid  pendotitic  composition,  garnet 
haizburgite,  and  follow  a  similar  procedure,  we  get  F  and  S 
velocities  of  about  8  3  and  4.8  km  s'*  respectively.  TTiese 
two  sets  of  Vp  and  Vs  arc,  respectively,  2  per  cent  lower  and 
higher  than  our  mean  velocities  of  8  1654  and 
4.7233  km  s”*  Therefore  for  a  pendotite  upper  mantle,  a  2 
per  cent  variation  in  Vp  and  Vs  can  easily  be  achieved  by 
varying  slightly  the  relative  proportion  of  its  constituents 
^logite  IS  a  garnel-clmopyroxene-beanng  rock  with 
some  olivine  and  orthopyroxene  and  other  minor  minerals 
A  composition  which  may  be  typical  of  upper  mantle  is 
olivine  16  per  cent,  orthopyroxene  3  per  cent,  garnet  37  per 
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cent,  diopside  23  per  cent  and  jadcitc  21  per  cent.  Following 
the  proc^ure  described  m  the  previous  paragraphs,  this 
composition  yields  V'/,=s8.16kms"*  and  Vi  =  4.TOkms“* 
under  the  conditions  of  the  upper  mantle.  If  this 
composition  is  changed  to  olivine  16  per  cent,  or¬ 
thopyroxene  3  per  cent,  garnet  30  per  cent,  diopside  30  per 
cent  and  jadeite  21  per  cent  then  Vp  and  drop  by  2  per 
cent,  whereas  if  the  composition  is  (Ranged  to  olivine  16  per 
cent,  orthopyroxene  3  per  cent,  garnet  44  per  cent,  diopside 
16  per  cent  and  jadeite  21  per  cent,  then  V/>  and  rise  by  2 
per  cent. 

It  can  be  seen  that  randomness  in  mantle  velocities  is 
easily  achieved  by  slightly  varying  the  mineral  composition 
of  either  a  peridotite  or  an  eclogite  upper  mantle  model. 
Such  a  variation  is  quite  probable  (Anderson,  D.  L , 
personal  communication).  Conventional  seismic  methods 
used  so  far  in  the  study  of  the  structure  of  the  upper  mantle 
wili  fail  to  detect  this  fine-scale  structure  because  of  their 
relatively  low  resolving  power. 

It  is  generally  believed  that  upper  mantle  anisotropy  is 
due  to  preferentially  aligned  olivine  and  orthopyroxene 
crystals.  Can  the  random  layering,  suggested  by  our  studies, 
be  another  cause  of  upper  mantle  anisotropy?  A  method  for 
the  calculation  of  long-wavelength  anisotropic  elastic 
constants  from  periodic  sequences  of  thin  isotropic  layers 
was  given  by  Schoenberg  (1983).  The  most  anisotropic 
version  of  our  random  mantle  model  that  is  possible  with  a  2 
per  cent  standard  deviation  is  a  periodic  sequence  of  two 
thin  layers  having  velocities  2V3  per  cent  less  and  2V3  per 
cent  more,  respectively,  than  the  mean  mantle  velocities 
Calculations  following  Schoenberg  (1983)  indicate  that  this 
maximum  anisotropy  is  about  0  2  per  cent  and  that  to  obtain 
the  long-wavelength  anisotropy  of  2  per  cent  observed  by 
Anderson  &  Regan  (1983),  it  is  necessary  to  have  a 
randomness  at  least  as  high  as  6  per  cent  in  the  upper 
mantle.  As  noted  earlier,  our  best  estimate  of  mantle 
randomness  is  2  <  d  <  4  per  cent.  Using  a  similar  procedure 
with  dn4  per  cent  randomness,  the  maximum  anisotropy  is 
about  1  per  cent  Thus  the  random  layenng  required  to 
satisfy  ?o\So  observations  also  contributes  to  upper  mantle 
anisotropy  in  a  small  but  significant  way. 

5  DISCUSSION 

In  the  previous  sections,  it  has  been  shown  that  the  PoiSo 
can  be  well  modelled  using  an  upper  mantle  with  a  small 
random  component  of  velocity.  We  have  also  noted  that 
such  randomness  in  the  upper  mantle  is  petrologicaily 
feasible,  either  from  a  pendotite  or  an  eclogite  mantle 
mineralogy  Our  model  NM-3,  which  gives  the  best  match  of 
the  synthetics  to  the  observed  data  is  charactenzed  by  a 
high- velocity,  high-(2  lithosphere  with  a  gentle  gradient  in 
the  P  and  S  velocities,  followed  by  a  low-velocity,  low-(2 
zone,  followed  by  a  high-velocity,  high-0  mantle  (Fig.  13a) 
While  the  LVZ  for  F-waves  extends  from  60  km  below 
Moho  down  to  about  85  km,  for  S-waves  it  continues  hirther 
down  to  a  depth  of  Ifdkm  below  Moho  It  has  been  a 
common  observation  from  surface-wave  studies  and  other 
studies  that  there  exists  a  global  LVZ  below  the  oceans  and 
sometimes  below  the  continents,  and  that  this  LVZ  is 
generally  better  developed  for  5-wavcs  than  for  F-waves  It 
has  also  been  observed  that  this  zone  is  usually  present  from 
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Figure  16.  Syniheiic  seismograms  up  to  a  frequency  of  0  2  Hz  using 
(a)  non-random  model  NM-3  and  (b)  random  model  NM-3 


60  to  200  km  below  the  Moho.  Descnptions  of  the  LVZ  can 
be  found  m  Dorman,  Ewing  &  Oliver  (1960),  Burdick  & 
Hcimberger  (1978),  Given  &  Helmberger  (1980)  and  Bott 
(1982).  In  view  of  the  above,  the  model  NM-3  does  not 
contradict  what  is  normally  observed  globally  The  only 
departure  of  the  model  from  more  standard  earth  models  is 
the  upper  mantle  randomness,  required  to  explain  the 
Po/So  coda  As  we  have  seen  earlier  (see  Fig  16),  the 
long-penod  waves  used  to  obtain  the  structure  of  the  Earth’s 
deep  intenor  would  fail  to  detect  such  fine  structure  except 
indirectly  as  an  apparent  transverse  isotropy  However 
Po/So  waves,  because  of  their  high  frequency  content,  arc 
able  to  directly  sense  this  detailed  structure 

The  fine-scale  vertical  vanation  in  mantle  velocities  can  be 
different  at  different  ranges,  but  if  the  statistics  of  the 
variation  are  lange  independent  then  a  single  version  may 
be  used  for  all  ranges  Tlie  error  inherent  in  this  procedure 
IS  the  lack  of  scattenng  from  one  ray  parameter  into 
another  Rays  travelling  near  the  honzontal  m  a  mantle 
containing  ihin-lens  heterogeneities  will  be  deflected  away 
from  the  honzontal  into  lower  values  of  ray  parameter  and 
non-minimum  lime  paths  Tbese  deflected  rays,  and  the 
energy  they  carry,  are  missing  from  all  our  synthetics.  Their 
ab^nt^  may  be  the  reason  that  the  codas  of  the  Po/So 
synthetic  in  Fig.  12(c)  fall  off  more  rapidly  than  the  codas 
in  the  data  trace  Also,  a  3-D  scattenng  structure  might 
produce  the  same  amount  of  scattered  energy  with  less  than 
a  2  to  4  per  cent  velocity  variation. 

In  all  our  computations  a  unit  step  was  used  as  our  time 
domain  source  function.  This  gives  a  far-field  wavefront  with 
a  delta  function  displacement  behaviour  But,  it  is  likely  that 
the  time  behaviour  of  the  actual  source  is  far  more 
complicated  How  will  such  complicated  source-time 
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behaviour  affect  our  conclusions?  If  the  source  duration  is 
about  1»5  s  long,  such  a  source  will  make  the  coda  of  our 
synthetic  slightly  denser,  which  will  improve  the  agreement 
of  the  synthetic  with  the  data.  If  the  source  duration  is 
10-30  s  long,  then  the  Pol  So  coda  will  be  long  even  if  the 
mantle  is  smooth.  Near^source  observations  on  land  using 
short'period  instruments  indicate  that  the  source  duration  at 
high  frequencies  can  sometimes  be  as  long  as  30  s.  Although 
source  complexity  and  near’Source  scattering  undoubtedly 
make  some  contribution  to  PofSo  codas,  this  contnbution 
must  be  small  in  comparison  to  the  contnbution  of 
scattering  effects  along  the  path  of  propagation  If  source 
complexity  were  the  dominant  effect  then  Po  and  So  codas 
would  not  exhibit  the  characteristic  build*up  and  decay  rates 
observed  for  many  different  source  mechanisms  in  different 
regions  of  the  world  (Brandsdottir  1986).  Furthermore  if 
PofSo  codas  were  due  largely  to  source  complexity  then  the 
coda  build'Up  and  decay  rates  would  not  decrease  with 
increasing  source  distance,  which  they  are  observed  to  do. 

Another  point  which  must  be  noted  regarding  the 
behaviour  of  the  source  is  its  spectral  characteristics  In  all 
our  computations,  we  assumed  that  the  far^held  amplitude 
spectrum  of  our  earthquake  source  was  flat  within  the  band 
of  interest.  However  it  is  known  (see  e.g.  Kasahara  1981) 
that  the  amplitude  spectrum  of  an  earthquake  source  is  flat 
only  below  a  certain  frequency,  known  as  the  comer 
frequency  (Brune  1970).  Beyond  this  corner  frequency  the 
amplitude  spectrum  decays  rapidly  with  increasing  fre* 
quency.  This  behaviour  of  the  source  will  affect  our 
estimates  of  Qp  and  as  functions  of  frequency.  Because 
of  the  corner  frequency  effect,  the  source  used  in  our 
computations  probably  contains  more  energy  at  higher 
frequencies  than  the  actual  source.  As  a  result,  the  Q'% 
which  give  the  best  lit  of  the  synthetic  to  the  observed  data 
will  be  lower  than  the  true  ^’s  for  frequencies  above  the 
comer  frequency  and  larger  than  the  true  Q't  for 
frequencies  below  the  comer  frequency.  At  first  glance,  this 
appears  to  explain  why  our  estimates  of  Q  are  higher,  at  low 
frequency,  and  lower,  at  high  frequency,  than  those 
obtained  by  Butler  et  al.  (1987).  However,  our  estimates  of 
Q,  when  corrected  for  a  comer  frequency  of  1  Hz,  appear  to 
be  much  higher,  at  high  frequency,  than  those  obtained  by 
Butler  et  al.  (1987).  In  fact,  these  differences  are  well 
explained  by  comparing  the  apparent  ^’s  of  our  synthetic 
record  sections  with  the  apparent  Q’s  measured  from  data 
by  Butler  et  al.  (1987). 

Although  many  researchers  have  believed  that  the 
apparent  Q’s  estimated  from  the  data  are  close  to  the 
intrinsic  ^’s,  it  has  never  been  established  that  this  is  indeed 
the  case  As  for  each  model  we  always  computed  a  full 
synthetic  record  section  out  to  offsets  of  2000  km  (e  g  Fig. 
12b),  instead  of  a  single  seismogram  at  the  distance  of 
interest,  we  were  able  to  estimate  apparent  Q'$  from  our 
synthetic  record  sections  and  compare  these  apparent  Q's 
with  the  intnnsic  Q  values  used  to  compute  them  To  do 
this,  we  corrected  each  record  section  for  geometrical 
spreading,  filtered  the  spreading  corrected  record  section 
with  a  narrow-band  Hanning  window  centred  at  the 
frequency  of  interest,  and  then  computed  the  envelope 
function  of  the  filtered  output  (Fig  17a)  Next,  the 
amplitude  of  the  envelope  was  estimated  as  a  function  of 
range  for  different  group  velocities  For  example,  the  lines 
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Figure  17.  (a)  Envelope  functions  for  a  frequency  /  •*  2  Hz, 
computed  from  the  record  section  of  Fig  12(b)  The  lines 
correspond  to  the  arrival  limes  for  8.1  and  4  7kms''‘  group 
velocities  (b)  In  (d)  versus  r  plot,  where  A  is  ihc  amplitude  and  r  is 
the  range,  for  a  group  velocity  of  8  I  kms~'  (c)  Similar  (o  (b)  but 
for  a  group  velocity  of  4  7  km  s"‘ 

drawn  across  Fig  17(a)  correspond  to  group  velocities  of 
8  1  and  4  7  km  s"’  To  estimate  the  amplitudes  correspond¬ 
ing  to  different  group  velocities,  the  envelope  function  was 
averaged  al  each  range  over  ten  samples  centred  around  the 
sample  ''umber  closest  to  the  arrival  time  of  the  particular 
group  veloaty  Having  obtained  the  amplitude,  A,  as  a 
function  of  range,  r,  and  group  velocity,  u.  for  a  frequency, 
/,  wc  used  the  relation  A  «cxp(-;r/r/(>u)  to  compute  the 
apparent  Q  for  that  group  velocity  and  frequency  from  the 
slope  of  the  In  (A)  versus  r  plot  (Figs  17b  and  c)  To 
estimate  Qp,  wc  averaged  the  values  from  group 
velocities  in  the  range  of  8  2-7  5  km  s*  *  and  to  estimate  Qs, 
we  averaged  the  Q  values  from  group  velocities  m  the  range 
of  4.8-4  bkms"'.  Comparison  of  our  estimates  of  apparent 
Qp  and  Qs  with  the  intrinsic  Qp  and  (2s  used  to  compute 
the  record  sections  indicates  the  following 

(1)  For  all  models,  apparent  Q's  and  intnnsic  Q’s  vary 
together,  that  is.  apparent  Qp  and  Qs  increased  when  the 
intrinsic  Qp  and  Qs  used  in  computing  the  synthetic 
seismograms  were  increased 

(2)  For  the  best  models,  such  as  model  NM-3,  apparent 

Qp  and  Qs  are  lower,  below  /  «  5  Hz,  and  higher,  above 
/  =  5Hz,  than  the  intnnsic  Qp  and  Qs  of  the  lid  For 
example,  al  2  Hz  Q^^iQT  and  =  On  the 

other  hand,  at  12  Hz,  =  2Q'p^  and  Qs^^  =  1  3(25  " 

(3)  Apparent  Qp  and  estimated  from  our  best  model 
NM-3  (Fig  12)  agree  with  Qp  and  Qs  obtained  by  Butler  et 
al  (1987),  to  within  10  per  cent  throughout  the  2  to  12  Hz 
band  Where  differences  approached  10  per  cent  our  Q's 
were  higher 


Not  surprisingly,  our  results  indicate  that  apparent  Q  is  not 
intruisic  Q.  The  fact  that  the  apparent  Q's  obtained  from 
our  best  model  NM-3  agree  so  well  with  the  Q's  obtained  by 
Butler  et  al.  (1987)  suggests  that  our  intrinsic  Q  values  are 
probably  correct. 

This  last  point  is  important,  for  without  a  relation 
between  intrinsic  and  apparent  Q  our  conclusions  would  be 
based  on  the  analysis  of  a  sin^e  seismogram  For  example, 
in  our  best  model,  NM-3  of  lug.  12(a),  if  we  change  the 
mantle  Qp  and  Qs  so  that  the  relative  Po  to  So  amplitudes 
are  preserved,  then  we  may  still  get  a  good  fit  of  the 
synthetic  to  the  data  for  a  model  with  a  completely  different 
Q  structure  than  that  of  model  NM-3.  To  see  this  in  more 
detail,  note  that  the  amplitude  ratio  Ap/Ast  for  P-  and 
^•wave  displacement  fields  at  a  range  r  and  at  a  frequency/ 
is  given  by 


where  Vp  and  stand  for  the  P-  and  S-wave  velocities, 
respectively.  In  order  to  have  Ap/Ag  constant  at  a  range  r, 
so  that  we  get  the  same  Po/So  amplitude  on  our  computed 
seismogram,  we  must  have 


assuming  a  Poisson  solid  with  Thus,  from  our 

estimates  of  Qp  and  Qs,  we  can  generate  a  new  set  of  Qp 
and  Qs  from  equation  (3)  above  and  still  preserve  the  rela¬ 
tive  Po/So  amplitude  at  our  distance  of  interest.  When  we  did 
this  by  cutting  Qp  in  half,  and  adjusting  Qs  in  our  model 
NM-3,  the  computed  synthetic  (not  shown  here)  did  not 
agree  as  well  with  the  data  in  Fig.  12(c).  Although  it  is 
possible  that  some  other  set  of  mantle  velocities  and  Q 
structures  would  model  our  single  seismogram,  we  have  not 
been  able  to  find  other  structures  that  give  record  sections 
whose  apparent  Q’i  agree  so  well  with  Butler  et  a/.’s  (1987) 
measurements  of  apparent  Q  Nevertheless,  m  order  to 
improve  upon  our  estimates,  it  would  be  desirable  to 
directly  model  with  synthetic  seismograms  the  same  data  set 
used  by  Butler  et  al  That  data  set  was  gathered  m  1981  by 
Walker  &  McCrccry  (1987)  using  a  1500-km  linear 
hydrophone  array  and  a  magnitude  (mt,)  6.6  earthquake  at  a 
distance  of  2740  km  from  the  nearest  array  element  The 
work  summarized  in  this  paper  started  as  a  feasibility  study 
for  the  analysis  of  this  larger  data  set,  for  the  reason  that 
15-Hz  synthetic  seismograms  are  far  more  economical  to 
compute  for  source-receiver  offsets  of  1000  km  than  for 
source-receiver  offsets  of  3000  km  Modelling  of  this  larger 
data  set  will  almost  certainly  improve  the  precision  of  our 
estimates  of  mantle  velocities,  Q  structure  and 
heterogeneity. 
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Abstract:  A  new  approach  to  ocean  acoustic  tomography  uses  matched  field  processing  for 
narrow  band,  low  frequency  smirces  distributed  around  the  region  perimeter  and  detected  on 
widely  distributed  vertical  arrays  A  key  component  to  the  success  of  this  new  approach  »s 
an  algorithm  to  compute  “the  global  maximum"  of  the  processor  outputs  over  the  very  large 
set  of  candidate  environments  In  this  paper  wc  present  an  algorithm  based  on  the  "back 
propagation"  algorithms  used  in  medical  tomography  but  modified  to  allow  for  non*uniform 
values  along  each  $ource*rcocivcr  path  and  weighted  according  to  the  length  of  the  paih 
segment  of  interest.  Computational  results  to  date  show  that  the  algorithm  can  result  in  very 
accurate  and  efficient  tomographic  solutions  but  can  also  stall  unpredictahly. 

I.  INTRODUCTION 

Ocean  acoustic  ttHnography  is  a  technique  mvolving  the  transmission  of  acoustic 
fields  through  an  ocean  region  and  subsequently  inferring  the  3'D  sound-speed  profiles  of 
the  region  by  examining  those  fields.  Over  the  last  decade  ocean  tomography  cxpcnmcnis 
have  shown  that  examination  of  the  acoustic  multipath  amvals  interpreted  m  terms  of  ray 
iheoreuc  models  can  be  highly  effective  (Munk  and  Wunsch.  1979:  Behnnger  et  al ,  1982; 
Comuclle  et  al ,  1989).  However,  such  an  approach  requires  "high"  frequency  signals 
(above  100  Hz),  and  so  results  will  be  degraded  by  such  factors  as  uncertainties  m  the 
sourceAeceiver  locations,  intemal  waves  and  tides,  rough  surface  scattering,  etc.  The 
measurement  process  itself  can  be  extremely  ume-consurmng  requiring  weeks  at  sea  to 
navigate  the  penmeter  and  send  signals  through  the  region  In  addmon,  the  use  of  high 
frequencies  which  attenuate  rapidly  as  a  function  of  range  linuts  the  size  of  the  regions  which 
can  be  sampled  Mwe  generally,  woiking  with  data  in  the  time  domain  requires  high  time 
resolution  receivers  todisunguish  amvals  and  to  detect  changes  in  those  '’jnvals  which  result 


from  sound-speed  variability.  Our  new  technique  examines  interference  patterns  across 
vertical  arrays  of  hydroph</ftes  fc«-  sin^  fitquency  (not  time  domain)  low  frequency  data 
(10-30  Hz)  modeled  by  highly  accwraic  normal  mode  methods.  The  sources  will  be 
explosive  shots  dropped  from  an  ai^Iane  fiymg  around  the  penmcicr»  and  so  experimental 
umc  will  decrease  from  weeks  to  daj^  llic  new  technique  will  effectively  transfer  the 
burden  from  intense  oceanographic  surveys  to  intense  computer  demands 

2.  APPROACH 

The  essence  of  the  new  ap;sx>ach  is  to  find  the  family  of  sound-speed  profiles  wh'ch 
maximizes  the  matched  field  processing  (MFP)  power  computed  for  each  vertical  arrav 
receiving  signals  from  the  known  to  soim^.  That  w,  signals  received  at  the  arrays  are 
cross-correlated  with  modeled  ^gnals  which  have  propagated  through  candidate 
environments,  and  we  seek  to  maxinfize  those  correlations.  If  the  problem  is  prc^rly 
posed,  i  c ,  if  we  impose  sufficicr»  constraints,  dien  the  maximum  MFP  power  will  occur 
only  for  the  true  enviremraent.  (Sec  Bucka»  1976.  and  Fizcll,  1987)  for  details  about  MFP.) 

The  first  stage  of  the  process  is  to  charactenze  the  environment  in  as  few  parameters 
as  possible.  Oceanographers  have  de^rek^ied  a  method  for  deriving  efiicient  basis  functions, 
known  as  empirical  onhogor.al  functions  (EOFs),  from  measured  data  (Davis,  1976) 
Consequently,  an  ocean  region  ought  be  very  atxmrately  described  in  tcr.ns  of  only  2  or  3 
EOFs.  TTic  simulated  "double  eddy*  envinximenl  and  their  associated  (modified)  EOFs  used 
for  the  results  in  this  paper  arc  describe!  in  det^l  In  Tolstoy  et  al..  1991. 

The  next  stage  is  to  gnd  the  ocean  regwm  into  cells  where  each  cell  corresponds  to 
one  sound  speed  profile,  r  e ,  2  3  HOFco^cients  We  also  need  to  consider  the 

geometry  of  our  problem:  how  many  vemcal  arrays  will  we  use  and  where  will  we  deploy 
them?  how  many  sources  will  we  use  and  v^te  will  we  drop  them?  For  the  results  to  be 
discussed  here  we  will  use  four  vertical  arrays  and  36  sources  distributed  as  shown  ia  Fig 
1.  Each  array  will  have  28  phones  ^ced  at  37.5  tn  for  processing  20  Hz  signals  The  first 
phone  will  be  just  below  the  surface  of  die  water  and  thus  span  the  upper  1000  m  of  water 
where  all  the  sound-speed  vanaWUy  is  found.  We  assume  that  the  sound-speed  profiles  at 
the  source  and  anay  cells  have  been  mcaaired  and  their  EOF  coefficients  arc  known.  The 
cwnpletc  values  of  the  dominant  EOF  coefficients  arc  shown  in  Fig  2. 

Finally,  uc  need  an  algorithm  to  pcrfomi  the  inversion,  i  e.,  to  compute  the 
unknown  EOF  coefficients  which  maxunire  the  MFP  power  at  the  array  for  all  the  source 
signals 
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Fig.  I.  Distribution  of  4  arrays  (indicated  by  •)  and  36  sources  at  100  m 
depth  (indicated  by  •)  for  10  by  10  grid  covering  250  by  250  lon^ 
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Fig  2  PlotofthedominantEOFcccfficientPi(ij)asafuncdonotrangeano 
cross-range  The  scale  has  been  normalized  so  that  negative  values  range 
from  -I  to  0,  positive  values  from  0  to  +1 
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Fig.  3.  Initial  estimates  for  EOF  coefficient  ^jOj)  a*  a  funcoon  of  range  and 
cfoss'fangc.  TTie  coefltaents  around  the  penmeter  (where  the  sources  arc  located) 
and  at  the  arrays  arc  known;  otherwise.  "  constant. 


Fig  4  Initial  estimates  for  MFP  power  Pr$  at  array  r  =  1  for  each  source  s 
given  initial  environment  of  Fig  3 
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3.  THE  ALGORITHM 

Erst,  we  initialize  our  algonthm  with  a  single  test  environment  In  panicular,  we 
will  assume  that  we  know  the  range  of  possible  values  for  the  EOF  coefficients  through-out 
our  region  and  then  use  theirmid^iange  values  as  a  first  estimate  for  all  the  unknown  values 
(see  Fig.  3).  We  know  that  iMs  estimate  is  not  very  good  because  the  MFP  power  computed 
at  each  array  for  each  source  is  very  low.  In  Eg-  4  we  see  a  plot  of  MFP  power  Prs  for  each 
recetver«source  path  for  r  « 1.  The  maxima  should  be  about  28  (the  number  of  phones). 

Let  pi0j),P2(t/)<l«w>wtl»tnicEOFcocfitcicntsforihcij*ccll  Consider  the  ij* 
cell,  and  iterate  throiiglt  all  possible  values  of  the  EOF  coe^icient  pi  Let  P^(ij)  denote  the 
maximum  power  found  for  the  path  fnxn  source  s  to  array  r  intersecting  the  cell  (all  other 
coefficients  along  the  path  are  fixed),  i  e.. 

pJ^(ij)-n^Pr,. 

Pi 

Let  pJjjOj)  be  the  corresponding  coefficient,  and  Ak(ij)  be  the  length  of  the  path  through  the 
cell  Then,  define  the  new  coefficient  estimate  by 

■  — SCTT- 

Next,  consider  pg  repeat  the  procedure.  Then,  proceed  to  the  next  cell  When  all  cells 
have  been  processed  (one  sweep),  repeat  from  the  first  cell  (note  that  all  the  cells  may  have 
changed  their  coefficients  and  so  path  comnbuiions  from  the  non  >j*  cell  will  have  changed) 
For  the  results  presented  here,  the  process  was  stopped  when  the  total  power  Piout »  SoPis 
was  no  longer  increasing. 

For  die  example  discussed,  we  obtained  excellent  results  for  3 1  sweeps  with  a 
maximum  sound'Speed  error  everywhere  of  less  than  0.2  m/scc  I  lowcvcr,  there  were  other 
array  configurations  for  which  the  algonthm  stalled,  i  c  stopped  before  giving  good 
results.  So,  wc  also  considered  vanaiions  of  the  algonthm  by  selecting  the  pJ^^sfij)  wh-ch 
simply  maximized  ZnFrs^>  or  SfsPrsAjj  In  general,  we  found  that  these 

vanauons  somitunes  improved  results  over  the  ongmal  but  sometimes  did  not,  and  were 
also  prone  to  stalling 

4.  CONCLUSIONS 

Wc  conclude  that  efficient  cha/acicnzauon  of  the  environment,  i  c ,  through  the  use 
of  (tnodified)  empcncal  orthogonal  functions,  plus  careful  sourcc/axray  geometry,  can  result 
in  highly  accurate  esomates  of  the  3-D  sound  speed  environment  (Fig  5) 
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I  ig  5  Tmal  cMimatcs  for  EOF  cocfficjcni  Pi(>j>  as  a  function  of  range 
and  cross  range  Compare  to  Hg  2 


h  pamcular.  we  saw  that  4  vertical  arrays  spanning  ilic  upper  1000  mof  water  and 
placed  m  the  mtenor  of  the  region  of  interest  with  <hois  distnbuted  e\'cry  25  km  along  the 
perimeter  resulted  in  maximum  errors  less  than  0  2iiv'sec  for  our  250  km  per  side  square 
region  and  for  the  frequency  20  Hz  However,  the  algonthm  and  vanaiions  on  it  developed 
for  the  inversion  can  stall  We  arc  presently  working  to  find  a  remedy  for  this  difficulty 
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SEDIMENT  Clfi  FROM  SPECTRAL  RATIOS  OF  CONVERTED  SHEAR 
REFLECTIONS 
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ABSTRACT.  Spectral  ratios  of  the  basement*converted  shear  reflections  PS  and  PSSS  on 
refraction  seismograms  are  used  to  estimate  the  sediment  shear  quality  factor  Q^.  The 
spectra)  ratio  method  is  tested  on  a  variety  of  synthetic  seismograms  computed  using  the 
constant'^  dispersion  relation  of  Kjartansson  (1979).  Qff  estimates  from  synthetic  scismo' 
grams  were  within  15%  of  the  true  Qfi  for  all  sediment  models  tested,  both  in  the  presence 
of  added  noise,  and  with  the  use  of  a  complicated  source  function  Tests  on  synthetic  seis* 
mograms  computed  from  realistic  sediment  models,  composed  of  alternating  layers  with 
high  impedance  contrast  between  them,  indicate  that  apparent  attenuation  due  to  intrabed 
multiples  is  not  a  significant  toss  mechanism  between  5  and  15  Hz.  The  method  is  applied 
to  9  horizontal  component  airgun>OBS  refraction  data  collected  over  355  m  of  primarily 
high'porosity  biosiUceous  clay  in  5467  m  of  water  near  44®N,  100®E.  Effective  Qp  for  the 
sediment  column  was  found  to  be  107  ±  15  (ot  =  0.255  ±  0  03  dB/A)  at  9  Hz. 


1.  Introduction 


The  importance  of  sediment  sheat  parameters  on  8'.,oustic  propagation  loss  in  the  ocean 
has  been  identified  by  several  st  dies  (e  g  Vidmar,  1980,  Hughes  et  al ,  1990).  Direct 
measurement  of  sediment  shear  attenuation  parameters  has  been  limited  by  the  lack  of  sat¬ 
isfactory  ocean  bottom  shear  sources  and  by  problems  in  ocean  bottom  seismometer  (OBS) 
design  (Sutton  and  Duennebier,  1987)  Here  the  shear  source  problem  '%  circumvented  by 
analysing  converted  shear  reflections  from  the  top  of  the  crust  (basement)  observed  on  OBS 
horizontal  component  refraction  seismograms 

The  OBS  data  used  in  this  study  were  obtained  in  conjunction  with  the  OSS  IV  Exper¬ 
iment  on  DSDP  Leg  88  near  Hole  581C  The  data  were  recorded  by  an  Hawaii  Institute  of 
Geophysics  isolated  sensor  ocean  bottom  seismometer,  OBS  Y.220,  from  a  large  (30-liter) 
airgun  towed  by  Soviet  research  vessel  Dimitri  Mendeleev  at  a  depth  of  20  m  Single-channel 
reflection  data  show  pelagic  sediments  smoothly  draped  over  ocean  crust  with  a  2-way  travel 
time  of  about  0.35  s  Holes  drilled  at  Site  581  encountered  roughly  350  m  thick  continu¬ 
ous  pelagic  siliceous  clays  with  occasional  chert  bands  becoming  numerous  near  basement 
(Duennebier  et  a!.,  1987) 

The  P  +  S  travel  time  through  the  sediments  is  about  2  00  rt  0  02  s  obtained  from  the 
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PS  reflection  on  the  horizontal  data  (Figure  la)  The  time  and  distance  constraints  give  an 
average  sediment  compression^  velocity  «<,  of  about  1.7  km/s  and  an  average  shear  velocity 
of  0  20  d:  0  01  km/s  The  identification  of  the  PSSS  multiple  shear  reflection  (Figure 
la)  was  the  motivation  for  this  study  The  spectral  ratio  method  was  used  since  the  PS 
and  PSSS  reflections  are  observed  for  the  same  source  and  receiver,  and  the  shear  paths 
are  virtually  the  same.  When  the  ratio  of  the  amplitude  spectra  of  these  phases  are  taken, 
source  and  receiver  effects  cancel. 


Figure  1  (a)  Horizontal  component  OBS  refraction  data  reduced  to  2.25  km/s  with  travel¬ 
time  curves  for  the  water  wave  WW  and  the  PS  and  PSSS  reflections  for  a  1-layer  average 
sediment  model  (b)  Raypath  diagram  for  the  PS  (dashed)  and  PSSS  (solid)  reflections 


2.  Effective  Attenuation 
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Attenuation  measured  from  held  data  is  termed  effective  attenuation  (of)  as  it  includes 
contributions  from  both  intrinsic  (o/)  and  apparent  (04)  attenuation  This  can  be  expressed 
in  terms  of  o  or  Q  as 

Ofi  =  Q!  i-oiA  or  =  Q/'+Qa*  (1) 

Either  Qi  or  Qa  may  be  frequency-dependent.  In-situ  measurements  indicate  that  Qe  is 
frequency-independent  in  the  seismic  band  (Kanamori  and  Anderson,  1977). 

Some  attenuation  mechanisms  to  account  for  intrinsic  losses  were  presented  in  Toksoz 
and  Johnston  (1981).  Intrinsic  a|  1$  attributed  to  friction  mechanisms  and  frame  anelasticity 
while  apparent  oa  is  the  amplitude  decay  of  a  seismic  pulse  resulting  from  the  scattering 
of  energy  by  heterogeneities  such  as  microbeds  (O’Doherly  and  Anstey,  1971,  Schoenberger 
and  Levin,  1978,  Menke,  1983).  In  apparent  attenuation,  energy  is  redistributed  to  other 
parts  of  the  coda  unlike  a/  where  energy  is  removed  from  the  coda  However,  its  affect  on 
spectral  content  is  difficult  to  distinguish  from  intrinsic  losses 
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fhe  time  and  distance  constraints  give  an 
it  1  7  km/s  and  an  average  shear  vel^ity 
PSSS  multiple  shear  reflection  (Figure 
,ral  ratio  method  was  used  since  the  PS 
source  and  receiver,  and  the  shear  paths 
>p\itude  spectra  of  these  phases  are  taken, 


3.  Spectral  Ratios 

The  spectr^d  ratio  (SR)  method  uses  the  ratio  of  the  amplitude  spectra  of  different 
arrivals  to  estimate  Q  Variations  of  the  spectral  ratio  method  have  been  used  by  Jacobson 
et  al  (1981)  and  Jiuinsen  et  al  (1988)  to  determine  compressional  Qa  in  marine  sediments 
The  amplitude  spectrum  of  a  vertically  traveling  signal  multiply  reflected  between  z  =  z© 
and  at  z  =  (Figure  lb)  is  given  by 


I 

,SS 


|Ai(w)j  =  lA>(w)G(z)Rl  exp[-2a(zi  -  z©)] 

where  G(z)  is  the  geometrical  spreading  and  R  contains  reflection  and  transmission  cocffl* 
cienta,  assumed  independent  of  frequency.  In  this  case  z©  is  the  depth  at  the  water/sediment 
interface  and  zi  is  the  depth  at  the  sediment/basement  interface.  We  use  a  vertically 
cident  converted  shear  phase  at  z©  as  our  reference  amplitude  Ao{in)  corresponding  to  the 
PS  reflection  (the  dashed  raypaUi  in  Figure  lb)  while  Ai(w)  corresponds  to  the  PSSS 
reflection.  Thus,  Ao(fa))  includes  source,  receiver,  and  noise  contributions  which  we  assume 
are  constant  for  each  trace  We  take  the  natural  log  of  the  ratio  of  the  two  spectra,  and 
letting  2{zi  -  zi>)  =  Td  where  T  is  the  travel  time  difference  between  successive  multiples, 
{  is  the  average  shear  wave  velocity  in  the  sediments,  and  <x  (i;/2CQ,  we  have 
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(b) 


action  data  reduced  to  2.25  km/a  with  travel- 
PS  and  PSSS  reflections  for  a  l-lajrer  average 
a  PS  (dashed)  and  PSSS  (solid)  reflections. 


m  which  const  is  a  term  independent  of  w  that  includes  contributions  from  spreading  and 
and  from  reflection  and  transmission  coefficients  Note  that  if  Q  is  independent  of  w,  then 
equation  (2)  describes  a  straight  line  with  slope  m  »  -fQ"'  The  value  of  m  can  be 
determined  by  a  least  squares  fit  to  the  spectral  ratios.  FVom  this  slope  one  obtains  an 
effective  Q  for  any  successive  pair  of  reflected  shear  multiples. 

Using  Snell’s  Law  for  ~  0.2  km/s  and  Cg,  s  1.5  km/s,  the  shear-wave  incident  angle 
at  the  water/sediment  interface  is  less  than  5**,  resulting  in  a  less  than  \%  increase  m  path 
length  from  vertical  and  negligible  S  to  P  conversion  Note  that  S  to  P  conversion  affects 
only  the  const  term  in  (2).  Also,  our  tests  with  synthetic  data  computed  by  an  exact 
method  (Malltck  and  Frazer,  1987)  recover  Qj  exactly 
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4.  Numerical  Testa  on  Synthetic  Data 


Since  the  data  we  are  examining  have  a  narrow  bandwidth  and  since  it  has  been  widely 
observed  that  Q  depends  very  little  upon  frequency  within  the  range  of  frequencies  obseivec 
in  seismic  investigations  (e  g  ,  Strick,  1967,  Kanamori  and  Anderson,  1977),  we  assume  C^ 
to  be  independent  of  frequency  and  use  ths  constant  Q  dispersion  relation  of  Kjartanssoi 
(1979)  in  the  computation  of  reflectivity  synthetic  seismograms 

A  variety  of  multi-layer  sediment  models  were  used  to  test  the  accuracy  of  the  spectrt 
ratio  method.  Intrinsic  Qi  for  an  n-layer  constant-Q  sediment  model  is  given  by 
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where  Zj-  is  the  iota!  thickness,  i  is  the  average  velocity  for  the  stack  of  layers,  and  Zj,  Cj, 
and  Qf  are  the  thickness,  phase  velocity,  and  Q,  respectively,  of  the  layer 

Test  parameters.  The  synthetic  traces  were  computed  with  a  Nyquist  frequency  of  40 
Hz  matching  the  OBS  data  sampling  interval  of  0  0125  s.  We  selected  55<point  wavelets 
to  match  the  length  of  the  PS  phase  coda  in  the  OBS  data  A  10%  Hanning  taper  was 
applied  prior  to  transforming  to  the  frequency  domain  Tests  showed  that  a  256  point 
window  padded  with  zeros  gave  the  best  results  In  all  spectra  shown,  zero  dB  is  relative 
to  1  (digital  unit)^/Hz. 

We  smoothed  the  amplitude  spectra  before  taking  the  spectra)  ratios  using  a  4)2m 
smoothing  function  keeping  the  endpoints  fixed.  The  airgun  source  was  modeled  using  a 
modified  form  of  the  explosive  source  function  presented  in  Spudieh  and  Orcutt  (1980).  All 
tests  were  performed  on  synthetic  traces  at  range  0.41  km  to  compare  with  data  trace  3. 
Sediment  thickness  was  356  m 


TABLE  I  Model  parameters  used  m  computing  the  synthetic  traces  m 
Figures  2a  and  2b 
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Figure  2  Synthetic  traces  with  selected  wavelets,  their  associated  amplitude  spectra  and 
spectral  ratio  curves  for  model  Q/  of  (a)  200  and  (b)  50 
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2’layer  sedimtnt  model.  Horizontal  component  synthetic  seismograms  (Figure  2a, b)  were 
computed  to  test  the  accuracy  of  the  method  for  high  and  low  for  two  2>layer  models 
(Table  l)  that  differ  only  in  Qfi.  These  models  give  Qp  «  200  and  »  50  using  (3). 
The  smoothed  amplitude  spectra  of  the  wavelets  selected  for  the  SR  tests  along  with  their 
spectral  ratios  are  shown  in  Figure  2.  The  ±  refers  to  95%  confidence  limits  for  the  least 
squares  fits  to  the  spectral  ratios,  which  give  estimates  within  5%  of  the  model  values. 
The  differences  between  the  two  models  can  readily  be  seen  m  the  relative  amplitudes  of  the 
PS  and  PSSS  phases,  their  amplitude  spectra,  and  the  slope  of  the  spectral  ratio  curves 
The  accuracy  of  these  SR  Qfi  estimates  suggests  that  the  implicit  assumption  of  vertical 
raypaths  is  acceptable.  These  results  also  imply  that  layering  and  S  to  P  conversion  do  not 
pose  problems  for  this  method. 

Apparent  attenuation  The  importance  of  mtrabed  multiples  in  the  apparent  term  in 
(1)  can  be  estimated  by  making  <?/ large,  which  gives  =  Q^^.  If  apparent  attenuation  is 
small,  then  Qa  is  large  and  (1)  reduces  to  Qb  =  Qr  Synthetic  seismograms  were  computed 
for  realistic  models  containing  alternating  layers  of  high  impedance  contrast  with  layer 
thicknesses  of  ^  Xpt  for  an  oscillating  sediment  velocity  structure  of  cfi  =  150  m/s  and  250 
m/s  with  a  constant  shear  Qj  =  150.  This  model  was  designed  to  maximize  the  frequency 
of  impedance  contrasts  while  muntaining  the  travehtime  and  path-length  constraints  and 
the  average  Cfi  =  200  m/s  If  apparent  attenuation  is  signihcant,  the  measured  Qe  will  be 
less  than  the  model  Qi.  The  synthetic  trace  for  this  mode)  is  shown  id  Figure  3.  Although 
the  95%  confidence  limits  are  larger  than  in  the  previous  tests,  the  least  squares  fit  to  the 
spectra)  ratios  gives  a  Qfi  estimate  within  12%  of  the  mode)  value,  This  suggests  that 
apparent  attenuation  from  intrabed  multiples  is  not  significant  at  9  Hz  and  that  the  Q  we 
are  measuring  is  Qf, 

In  addition  to  estimating  the  importance  of  Q^f  the  long  codas  for  this  model  also  test 
the  sensitivity  of  the  method  to  interference  problems  due  to  source  function  length  This 
may  explain  why  the  95%  confidence  limits  are  significantly  larger  than  for  the  previous 
2-iaycr  sediment  model  tests. 
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Figure  3  Synthetic  trace  with  selected  wavelets,  their  associated  amplitude  spectra  and 
spectra]  ratio  curve  for  a  model  with  layer  thickness  of  1/2  a  shear  wavelength 
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Figure  4.  Amplitude  spectra  and  spectral  ratio  curve  for  the  wavelets  selected  m  Figure  5 
for  data  trace  3  at  0.41  km. 
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Figure  5.  Lower  6gures  arc  the  average  spectra  and  spectral  ratio  curve  for  the  data  traces 
1-5  (upper  left).  Upper  right  is  data  trace  3  at  0  41  km  with  selected  wavelets 


TABLE  2.  Results  of  spectral  ratio  analysis  of  data  traces  1-5 
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1  spectral  ratio  curve  for  the  data  traces 
,l  km  with  selected  wavelets 
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5.  Application  to  OBS  Eefraction  Data 

Next  our  method  wee  epplied  to  the  OBS  refr&ction  dete  Eech  wevelet  wmdow,  po- 
sition  and  length,  was  adjusted  in  order  to  obtain  as  smooth  an  amplitude  spectrum  as 
possible.  After  the  mean  was  removed  from  the  wavelets,  the  time-domain  Hanmng  tap« 
and  smoothing  functions  were  applied  m  the  same  way  as  for  the  synthetics.  We  selwted 
the  portion  of  the  data  prior  to  the  first  arrival  starting  at  2,0  s,  with  the  same  length  as 
the  wavelets  used  for  the  spectral  ratios,  as  the  noise  estimate.  We  subtracted  the  noise 
power  from  the  spectral  power  estimates  after  smoothing.  If  noise  is  included  in  the  spectral 
ratios,  then  the  Qfi  estimate  will  be  higher  than  the  true  value. 

We  restricted  our  analysis  to  offsets  less  than  1.0  km.  Since  the  S-rays  have  a  near 
vertical  path,  the  near  traces  are  least  contaminated  by  scattered  energy  and  interference 
effecU.  The  amplitude  spectra  of  the  wavelets  selected  for  trace  3  at  0,41  km  (Figure  4) 
show  that  the  data  have  a  dominant  frequency  of  about  9  Hz  and  that  noise  levels  restrict 
the  useable  bandwidth  to  about  5-15  Hz.  A  linear  least  squares  fit  to  the  spectral  ratiw 
was  made  for  frequencies  at  which  the  spectral  estimates  for  the  PS 
were  at  least  3  dB  above  the  noise  level.  We  obtained  an  effective  -  99  ±  15  for  this 

trace.  .  .• 

Tsble  2  «how8  that,  although  there  is  considerable  variation  from  trace  to  trace  m  the 
results  for  Qs,  the  95%  confidence  intervals  of  the  first  four  trsces  overlap.  To  average  path 
irregularities  and  posaible  interference  effects,  we  took  an  arithmetic  average  of  the  spectral 
estimates  for  the  5  traces  in  Table  2  prior  to  obtaining  the  spectra  and  ratioa  seen  in  Figure 
5.  These  gave  Qf  =  107±15,  Although  it  is  not  evident  for  the  traces  anelysed,  intetlcrence 
is  probably  present  in  these  data  to  some  degree  and  we  suspect  that  interference  ol  the 
crustal  S  refraction  with  the  PSSS  coda  for  the  trace  at  0,747  km  is  the  reason  this  Qf 
estimate  is  significantly  lower  than  the  other  traces  Synthetic  seismograms  computed  lot 
a  single  sediment  layer  using  Qf  =  100  match  the  amplitude  decay  of  the  PS  and  two 
successive  shear  multiples  otetved  in  the  data. 


6.  Conclusions 

Out  spectral  average  Qf  =  107  ±  15,  corresponding  to  an  attenuation  of  about  0.255 
±  0  03  dB/A,  is  consistent  with  results  from  Scholte-wsve  studies  (Jensen  and  Schmidt, 
1986).  Since  we  ate  assuming  s  minimum  sediment  travel  path,  i.e  penectly  vertical 
shear  raypaths,  and  the  actual  path  is  somewhat  longer,  and  since  the  reflection  ptofilmg 
indicates  subhorirontal  layering,  and  both  interference  and  noise  tend  to  steepen  the  slope  ol 
the  spectral  ratio  curves,  the  spectral  ratio  method  gives  a  lower  bound  for  Qj.  We  conclude 
that  sediment  Qg  can  be  obtained  to  a  precision  of  ±  15%  or  better  in  areas  where  there 
1.  significant  P  to  S  conversion  at  the  sediment/basement  interface  and  sediment  thickness 
allows  separation  of  shear-wave  arrivals 
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It  is  shown  that  Clay’s  single-hydrophone  time-domain  localization  algonthm  is  a  member  of  a 
large  class  of  algorithms  {^}  that  require  exact  knowledge  of  the  source  time  function  u>(r) 
The  single-hydrophone  Clay  algorithm  is;i'“;  however,  xT  often  localizes  better  than  Xi- 
Next,  live  new  families  of  single-hydrophone  localization  algorithms  are  introduced.  The  first 
of  these,  also  requires  a  knowledge  of  «i(r),  and  is  introduced  mainly  to  emphasize  that 

Clay  localization  is  the  ratio  of  norms.  The  four  new  localizer  families,  {y  {F  ”},  {)9 

and  {vH'},  require  almost  no  knowledge  of  u>(l).  These  new  algorithms  actually  yield  an 
estimate  of  the  source  spectrum  ^(ai),  as  well  as  the  location  of  the  source.  The  localizers  qi,  8 
and  V  work  best  when  IH'(oj)j,  the  amplitude  spectrum  of  the  source,  is  smooth,  although  ui(  r) 
need  not  be  a  pulse.  The/3  localizers  work  best  when  u>(r)  is  a  pulse.  If  it  happens  that  an 
estimate  of  IFfm)  is  available,  then  f,  3,j3,  and  vcan  use  this  information  and  their 
performance  is  enhanced.  A  similar  enhancement  is  obtained  when  two  hydrophones  are 
available. 

PACS  numbers:  43.30.  Wi,  43.60.Gk,  43.60.Pt 
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INTRODUCTION 

By  “localization"  we  mean  the  problem  of  determining 
the  location  of  a  source  of  sound  in  the  ocean  by  use  of  hydro¬ 
phone  data.  Single-hydrophone  localization  methods  are 
those  that  use  data  from  only  one  hydrophone.  Serious  re¬ 
search  in  localization  may  be  said  to  have  begun  with 
Buckcr's  matched-field  technique'  in  1976,  although  as 
Clay’  has  pointed  out,  experiments  by  Parvulescu  and 
Clay’*’  had  shown,  a  decade  earlier,  that  localization  was  a 
feasible  problem 

Most  research  in  localization  has,  following  Bucker,' 
used  continuous  wave  (cw)  sources,  whereas  the  Par- 
vulescu-Clay  experiments  led  to  techniques  that  are  perhaps 
more  easily  understood  in  the  time  domain.  The  literature  of 
cw  localization  is  now  quite  laige,  and  a  review  of  the  subject 
is  beyond  the  scope  of  this  paper.  Interesting  recent  cw  work, 
incorporating  sophisticated  signal-processing  techniques,  is 
presented  by  Fizell‘and  Baggeroerern/.’  Here,  we  are  most 
concerned  with  the  time-domain  single-hydrophone  tech¬ 
nique  of  Clay’  as  implemented  by  Li  and  Clay.* 

In  the  sequel,  lower-case  Roman  letters  are  used  for 
time-dependent  quantities,  and  upper-case  letters  are  used 
for  their  Founer  transforms.  Thus  we  often  write /,  instead 
of/(r),  and  Finstgid  of  F(to).  Exceptions  are  source  posi¬ 
tions,  denoted  by  X,  X',  X„  etc.  In  our  numencal  experi¬ 
ments,  functions  were  sampled  in  both  domains  and  trans¬ 
forms  were  earned  out  with  an  FFT 

I.  CLAY’S  METHOD 

The  principle  underlying  Clay’s  time-domain  localiza¬ 
tion  algorithm  is  that,  for  given  source  and  receiver  loca¬ 


tions,  the  best  signal  detector  is  the  time-reversed  Green’s 
function  of  the  medium.  Let  the  Green’s  function  of  the  me¬ 
dium  be  gfXr)  m  which  X  is  source  location  and  the  depen¬ 
dence  of  g  on  the  fixed  hydrophone  location  has  been  sup¬ 
pressed.  Let  the  unknown  location  of  the  actual  source  be 
let  the  time  signal  emitted  by  the  source  be  u>(r);  and  let  the 
time  signal  recorded  by  the  hydrophone  bed(r)  The  sources 
used  in  this  study  are  shown  in  Figs.  1  and  2.  In  Clay’s 
scheme  u>(l)  is  assumed  to  be  known,  and  it  is  convenient  to 
introduce  the  function  h(,X,i)  =  gCXrl'tcfr),  where  is 
the  usual  time-domain  convolution.  Then  the  most  probable 
source  location  is  the  value  of  X  that  maximizes  the  Clay 
localizer; 

sup,|A(A:,-r).d(i)|/||A(2r)|yi</||j.  (1) 

In  this  expression,  we  have  used  the  notation 

=  1/(01')'''.  (2) 

for  the  time  domain  L  ^  norm,  and  sup,  denotes  the  supne' 
mum  over  t.  ^ 

To  see  why  the  localizer  wo^ks,  notice  that  since  X  is  the 
truesourcelocation,  J(0  ~  g{X,t)*wit)  As  convolution  is 
associative,  we  have  that 

hiX,  -  =^giX,  -  t)*giX,t)*io(  -  t)*wiO 

(3) 

To  a  good  approximation,  g{X,t)  is  a  random  sequence  of 
spikes,  one  spike  for  each  different  ray  arrival  As  the  ran 
dom  sequence  is  different  for  each  X,^  the  quantity 
g(aT,  -  t)*g(.X,t)  resembles5(/)  when  A' =  Jand  is  approx¬ 
imately  equal  to  zero  otherwise  Thus  the  numwator  of  the 
Clay  localizer  is  approximately  zero  when  X  ^X 
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FIG  I  The  source  signtl  used  in  Figs  T-11  (s)  Source  waveform,  (b) 
source  spectrum,  (c)  hydrophone  data  waveform;  (d)  hydrophone  data 
spectrum 


II,  TWO  FAMILIES  OF  CLAY-LIKE  LOCALIZERS 

Notice  that  the  numerator  of  the  Clay  localizer  is  actual¬ 
ly  a  norm,  the  L  “  norm.  This  leads  us  to  introduce  the/am- 
ily  of  localizers  (yj'}  defined  by 

,i-:=IIA(;ir)4<fL/(l|A(-T)ILi|d||.].  (4) 

In  this  notation,  the  Clay  localizer  of  the  last  section  is  seen 
tobe^r 

To  determine  which  values  of  m  and  n  give  the  best 
localization,  we  earned  out  numerical  expenments,  dis* 
cussed  in  greater  detail  below,  for  several  hydrophone 
depths,  a  gnd  of  source  locations,  and  a  number  of  source 
waveforms  These  expenments  showed  that,  in  most  cases, 
the  higher  the  ratio  m/n,  the  higher  the  resolution  of  the 
localization.  In  particular, often  localizes  better  than^f. 
However,  this  is  not  always  the  case:  For  the  source  location 
used  to  compute  Figs.  3  and  4,  ;^2*"  localizes  slightly  better 
than^J”. 

Another  family  of  localizers,  simpler  than  tl^e 

family  given  by 

^l:^\\h(X)*d\u\\^x)*d\l  (5) 

Our  numerical  expenments  indicate  that  ^  f,  shown  in  Fig 
5,  does  not  work  as  well  as^“,  shown  in  Fig  4,  The  only 
difference  between  x  and  is  in  the  denominator,  where  in  x 
the  norm  of  hiX)*d  has  been  split  into  the  product  of  the 
norms  of  h{X)  and  d.  This  suggests  that  for  long  source 
waveforms,  the  performance  of^  might  be  improved  if  the 
norm  of  A  (A'),  in  t  he  denominator  of were  replaced  by  the 
product  of  the  norms  ofgiX)  and  ic  We  have  not  investigat¬ 
ed  this,  as  several  of  the  localizers  introduced  below  work 
much  better  than  x  without  requiring  a  knowledge  of  w 

Neither  the^  ncr/i  localizer  families  work  well  if  hiX) 
is  replaced  by  g{X)  m  Eqs.  (4)  and  (5)  Thus  the  source 
waveform  w  must  be  known 


no  2  ThcwhiicnoisesourcesignalusedmFig  12. (a)SourKwavcform, 
(b)  source  spectrum,  (c)  hydrophone  data  waveform,  (d)  hydrophone 
data  spectrum. 


Hi.  LOCALIZATION  AS  DECONVOLUTION 

The  family  reminiscent  of  the  MED  deconvolu¬ 

tion  algorithm  of  Wiggins  ’ When  regarded  in  this  light, 
the  localizers  x7  and  /r”  are  seen  to  be  deconvolutions  in 
which  the  inverse  of  an  operator  is  approximated  by  the  ad¬ 
joint  of  that  operator.  In  most  deconvolution  pioblems, 
there  are  good  reasons  for  such  an  approximation.  The  in¬ 
verse  of  a  time  series  may  be  singular,  or  of  infinite  length, 
especially  if  the  original  time  senes  is  corrupted  by  noise. 
However,  we  will  see  that  in  the  localization  problem  these 
instabilities  work  to  our  advantage. 

Before  introducing  our  new  localization  algorithms,  we 
Fourier  transform  our  hydrophone  data  d{t)  and  Green’s 
function  GiX,t)  into  the  temporal  frequency  domain  to*get 
D{o>)  and  G{X,6j),  respectively  Thus,  m  the  absence  of 
noise,  Z>  =  O’CA”)  H',  where  IFis  the  Fourier  transform  of  the 
unknown  source  time  function  w;  L  '’norms  in  the  frequency 
domain  will  be  indicated  by  writing  ||/>!|^  for 
[r„  do\Di(o)\^y'^ 

Consider  the  quantity  G{X)/G{X).  In  general  GiX) 
has  zeros  near  the  91  (cu)  axis  The  locauons  of  these  near 
zeros  will  vary  lapidly  with  X so  that  G{X)/GiX)  will  gen¬ 
erally  have  singularities  near  the  u\.s  unless  X  —  X 
For  similar  reasons,  D/G(X)  will  also  have  singularities 
near  the  9i(<y;  axis  Evidently  the  frequency  series^]/)/ 
(7(A')I  will  tend  to  be  relaUvely  “spiky"  for  all  X  =^X  and 
relatively  smooth  (otX=X 

In  view  of  the  above,  we  introduce  the  localizer  family 
{<p7'i  given  by 

97  =  l\\D\U\\GiX)\\„]/\\D/GiX)\l  (6) 

It  can  be  seen  that,  when  m<^n,<p pro\  ides  a  measure 
of  the  smoothness  of  the  frequency  senes  \D,  In  th„ 

absence  of  noise,  the  maximum  of  <f'  will  always  be  at  the 
point  X  =  X 

Notice  that  the  (p  7  localizers  require  no  knowledge  of 
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FIG  3  AmbiguilysurfaceoItheCIaylocalJwr, 

XT  ev™  by  E<I  (■>  Fo' 

eraphy  of  the  ambiguity  surface  has  been  eiag- 
gerated  by  cubing  all  the  ambiguity  values  and 
then  rescaling  With  this  localirer,  the  source 
umc  waveform  roust  be  known 


FIG.  4.  Ambiguity  surface  of  another  Clay  loca* 
hKr.  vr  given  by  Eq.  (4) .  The  ambiguity  val¬ 
ues  have  been  cubed  and  rescaled  For  many 
source-receiver  geomelnes.Arr  localires  better 
than  the  original  Clay  localizer  xT.  however, 
for  this  geometry,  j;,-  is  better 


LfiPTH 

(meters) 


KMCiE  (meters) 


FIO  5.  Ambiguity  surface  of  the  localiieryir 
given  by  Eq  (5).  Ambiguity  values  have  been 
cubed  and  rescaled  This  localizer  is  simply  he 
ratio  of  two  umc-domam  norms  UVe  the  Clay 
localizers,  it  requites  knowledge  ot  the  source 
time  function 


997  J  Acoust  Soc  Am  .  Vol  88,  No  a.  August  4890 


L  N  Frazer  and  P  I  Pecholcs  Single  hydrolUioneUxawabW' 


the  source  function  fV  In  fact,  they  yield  an  estimate  of  the 
source  function  b^use,  after  X  has  been  found,  we  can  re¬ 
cover  WasD/GiX). 

An  example  of^  ^  is  shown  in  Fig.  6.  Numerical  exam¬ 
ples  for  a  number  of  hydrophone  depths,  a  grid  of  source 
locations,  and  several  source  waveforms  show  that  ^  lo¬ 
calizes  better  than  any  of  the  or  localizers. 

Another  localizer  family  that  works  almost  as  well  as 
^  ”  IS  the  family  0  ^  given  by 

e':^\\D/G{X)\U/\\D/G{X)\l  (7) 

An  example  of^  ”  isshown  in  Fig.  7.  The  fact  that  6  does  not 
1  work  as  well  as  ^  is  not  surprising  since  we  found  that  fi  did 
not  work  as  well  as  x-  Both  and  0  take  the  same  computa¬ 
tional  shortcut. 

Although  we  have  written  the  definitions  of  7  ^7 

in  the  frequency  domain,  they  should  still  be  regarded  as 
time-domain  methods  because  they  require  knowledge  of  D 
^  in  a  band  of  frequencies  and  we  must  compute  G(X)  within 

this  band  Thus,  if  the  source  has  power  only  in  a  very  nar¬ 
row  band,  then  the  ^  7  cannot  be  expected  to  localize  very 
well. 

For  consistency  with  the  Clay-type  localizers,  we  have 
defined  the  ^7  so  that  they  a«  a  maximum,  rather  than  a 
^  minimum,  at  the  point  X^X.  If  6(X)  has  zeros  on  the 
axis,  then  it  is  possible  that  numerical  problems  will 
result.  One  method  for  avoiding  this  problem  is  to  replace/)  / 
G{X)  in  the  numerator  of  Eq.  (6)  and  in  both  the  numerator 
and  denominator  of  Eq.  (7)  by  DG*{X)/i\G  p  €),  where 
e  IS  a  positive  number  much  smaller  than  {|<7(A')|{j  and  C  *  is 
^  the  complex  conjugate  of  G.  A  second  method  is  to  replace 
G(Xf(i>)  in  Eqs.  (6)  and  ( J)  by  G{X,o)  -f  le).  If G{X)  istobe 
generated  in  the  frequency  domain,  then  G{X,<o  -f  le)  can  be 
computed  directly;  and  if  g(X)  is  computed  in  the  time  do¬ 
main,  then  G{X,o})  can  be  analytically  continued  away  from 
the  51(6;)  axis  by  multiplying  8iX,t)  by  exp(  —  €t)  before 
^  taking  the  numencal  Founer  transform.  A  third  method  is 
to  zero  certain  bands  in  the  spectrum  of  D  so  that  these  bands 
are  excluded  from  the  norms.  All  three  methods  are  known 
signal-processing  procedures  They  did  not  seem  to  be  need¬ 
ed  in  the  numerical  experin.ents  presented  here  except  for 
they?  localizer  (see  below),  which  worked  slightly  better 
^  when  small  values  of  D(io)  were  zeroed. 

The  family  07  has  an  associated  time-domain  localizer 
family/?  7  g^ven  by 

^:^¥*g{xrMJ\\d*g{X)  'iu  (8) 

I  111  this  equation,  d  *g(X) '  '  is  the  inverse  Fourier  transform 
of  D  /G{X).  Examples  otp localization  are  shown  in  Figs 
8  and  9. 

Ourcxperimentsshowthat^  i*  localizes  better  than 
for  the  source  time  function  of  Fig  2  (Note  that  this  is  not 
obvious  from  comparison  of  Figs  7  and  9  because  the  ambi- 
j  guity  surface  in  Fig  7  has  been  cubed  and  rescaled  )  This  is 
because  that  source  is  very  local  in  the  time  domain  Its  spec¬ 
trum  IS  smooth  coKipared  to  the  spectrum  of  the  Green’s 
function,  so  the97and  0  localizers  also  work  well,  they  do  not 
work  as  well  as  0  because  the  smoothness  of  \W\  here  is 
outwciglied  b>  the  “localness"  of  w  I'or  the  random  u  of 
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Fig  2,  which  IS  very  nonlocal  in  the  time  domain,  the  0 
localizers  do  not  work  at  all,  but  the  cp  and  6  localizers  work 
better  than  before  because  (he  random  w  of  Fig  2  has  a 
spectrum  W  that  is  smoother  than  the  W  of  Fig  1 

Our  final  single-hydrophone  frequency  domain  loca¬ 
lizer  family  is  given  by 

vr=  [\\dl\D\U¥l\G(.X)\ \\„]/\\di\D/G{X)\ II,. 

(9) 

Here,  stands  for  ri  jZ>  |  is  the  modulus  of  D,  and 
|<7(,^)j  IS  the  modulus  of  G{X).  An  example  of  vj  localiza¬ 
tion  is  shown  in  Fig  10. 

The  V  family  of  localizers  is  similar  to  q>  and  6  except 
that,  with  V,  the  smoothness  of  the  frequency  senes  jZ>/ 
C7(A')j  IS  measured  much  more  directly  by  the  reciprocal 
norm  |Z)/(?(Jf)j  j),' In  the  <p  and  6  localizers,  the 
smoothness  of  \D  /G{X)  |  is  obtained  indin'ctly,  as  the  ratio 
of  two  norms  with  different  p'%.  One  would  expect  the 
effectiveness  of  the  v7  to  be  nearly  independent  of  the  values 
of  m  and  /i,  and  our  numencal  expenments  seem  to  bear  this 
out.  For  each  source  waveform  we  tried,  v7  for  any  value  of 
m  worked  much  better  than  any  other  localizer  However, 
for  two  sources  of  similar  strength  with  the  same  waveform, 
V  was  infenor  to  every  other  localizer 

IV.  NUMERICAL  EXAMPLES 

For  convenience  in  computing  time-domam  Green’s 
functions,  we  have  used  a  lOO-m-dcep  ocean  mode!  with  a 
constant  sound-speed  profile  of  1.5  km/s.  At  the  top  of  the 
model  was  a  slightly  lossy  pressure-release  surface  with  an 
angle-independent  reflection  coefficient  of  -  0.98.  The  bot¬ 
tom  reflection  coefiicieni  R  varied  linearly  with  cos^(^), 
where  is  grazing  angle,  from  /( =  0.9  at  ^  =  0*  to  /?  =  0. 1 
at  ^  =s  90*  Geometrical  acoustics  was  used  to  compute  the 
Green’s  functions,  and  propagation  in  the  subbottom  was 
neglected.  Synthetic  hydrophone  data  were  generated  by 
convolving  the  source  time  function  with  the  Green's  func¬ 
tion  for  the  source  location. 

In  the  computations  shown  here,  the  hydrophone  was 
located  at  a  depth  of  73  m  and  the  source  was  located  at 
depth  39  m  and  range  768  m.  Bach  localization  formula  was 
tested  over  a  grid  of  source  locations  for  a  number  of  hydro¬ 
phone  depths  None  of  the  localizers  worked  significantly 
belter  or  worse  for  hydrophone  depths  and  source  locations 
other  than  the  ones  shown  here 

The  simple  propagation  model  used  here  is  realistic  only 
for  propagation  in  shallow  water  with  a  moderately  hard 
bottom  and  homogeneous  subbottom  However,  it  seems 
clear  tha^  the  results  of  this  paper  are  applicable  to  other 
ocean  models,  provided  only  that  the  computed  Green’s 
functions  are  consistent  with  the  actual  propagation.  In  gen¬ 
eral,  the  goodness  of  localization  can  be  expected  to  increase 
with  the  complexity  of  the  Green’s  function,  so  that  m  areas 
where  subbottom  propagation  is  significant,  localization  will 
be  improved  Conversely,  m  areas  where  the  propagation  is 
not  bottom  limited,  we  expect  localization  to  be  degraded, 
especially  at  large  ranges  where  the  sound  field  is  dominated 
by  a  few  modes 

Following Clay,'thesourcetimefunction uHO  was  (ex- 
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FIG  11. Ambiguitysurfaceof^i,  fortheongi- 
nal  source  time  function  of  Rg  1  ThisambigU' 
ity  surface  is  (he  same  as  the  one  shown  m  Fig  i 
except  that  here  the  ambiguity  values  have  not 
been  cubed  or  rescaled 
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FIG  12.  Ambiguity  surface  oft?',  for  the  ran¬ 
dom  source  time  function  of  Fig  2  Ambiguity 
values  have  not  been  cubed  or  rescaled 


ccptmFig  12)  a  single  cycle  of  a  sine  wave  Figure  I  shows 
this  time  function  and  its  amplitude  spectrum  along  with  the 
synthetic  hydrophone  data  trace  and  its  spectrum.  In  the 
experiments  shown  here,  thenumber  of  frequencies  used  was 
128  and  the  number  of  time  samples  in  each  lime  senes  was 
256  A  few  experiments  were  conducted  with  256  frequen¬ 
cies  and  512  time  points;  in  general,  localizers  that  worked 
for  128  frequencies  worked  slightly  better  for  256  frequen¬ 
cies. 

In  order  to  show  that  the  effectiveness  of  (p,  0,  and  v 
depends  only  on  the  smoothness  of  \fV\  relative  to  the 
smoothness  of  G(X),  and  not  on  the  localness  of  w  in  the 
time  domain,  tests  were  also  conducted  with  the  random 
source  time  function  shown  in  Fig  2.  This  source  function  is 
perfectly  white,  each  Fourier  amplitude  being  equal  to  unity 
but  with  a  phase  randomly  distributed  on  the  interval 
(  —  ir,ir]  Note  that  although  this  function  has  a  white  am¬ 
plitude  spectrum,  it  is  not  at  all  local  in  the  time  domain. 
Figure  1 1  shows  an  example  of  ^  localization  with  the 
time-local  source  waveform  of  Fig.  1  while  Fig  l2showsan 
example  of  localization  with  the  white  noise  waveform  of 
Fig  2  The  ambiguity  surface  of  Fig  1 1  has  not  been  cubed 
and  rescaled  so  it  appears  to  have  more  features  than  the 
ambiguity  surface  of  Fig  7 


V.  DISCUSSION 

It  IS  significant  that,  although  <p,  0,  P,  and  v  do  not 
require  a  knowledge  of  the  source  spectrum  W,  their  perfor¬ 
mance  can  certainly  be  improved  if  an  estimate  of  IVis  avail¬ 
able.  To  improve  them  we  would  just  replace  G{X)  by 
G(X)lVm  ^s.  (6),  (7),  and  (9).  It  does  not  matter  if  the 
phase  of  W\s  not  available  since  the  right-hand  sides  of  these 
equations  arc  independent  of  the  *  ises  of  D  and  G{X) .  An 
estimate  source  spectrum  I IV  need  not  be  highly  accu¬ 
rate  for  localization  to  improve,  all  that  is  necessary  is  that 
the  ratio  IT  |„,  be  smoother  than 

Thej?  localizers  are  not  so  easily  enhanced,  for  Fx}  (8) 
shows  that  they  are  ratios  of  time-domain  norms  In  order  to 
replace  g{X)  by  g{X)*w  in  Eq  (8)  we  need  to  know  w, 
which  means  that  we  need  to  know  the  phase  of  IV 

The  possibility  of  localization  with  a  single  hydrophone 
is  surprising  at  first  since  most  localization  schemes  make 
useof  large  arrays  of  hydrophones  The  methods  introduced 
here  show  that,  at  least  to  some  extent,  there  is  a  trade-off 
between  hydrophone  array  size  and  bandwidth.  Even  more 
surprising,  at  first,  is  that  single-hydrophone  localization  is 
possible  without  knowing  the  source  function  w.  Here,  it 
must  be  admitted  that  the  new  locali/ers  o)  0  anH  »’  wnrl 
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well  only  if  the  source  amplitude  spectrum  i  If'  |  is  smoother 
than  the  Green’s  function  amplitude  spectrum  i(?(X)  |.  This 
will  be  the  case  for  many  sources  of  underwater  sound,  but 
not  all.  Similarly,  the  localizer  0  works  well  only  if  w  is  local 
in  time,  i  e.,  fairly  short  m  duration  So  some  knowledge  of 
the  source  is  being  assumed,  although  this  knowledge  is  very 
limited. 

An  interesting  question  is  whether  loc«iizcrs  can  be  de¬ 
liberately  deceived.  For  the  single-hydrophone  localizers  of 
this  paper,  the  answer  is  *'ye&  ”  To  see  how  this  could  be 
done,  suppose  a  source  located  at  X  wishes  to  deceive  a  hy¬ 
drophone  (whose  location  it  knows)  into  believing  it  is  lo¬ 
cated  at  X In  order  to  deceive  the  localizers  and  v,  the 

source  should  deliberately  radiate  any  waveform  with  ampli¬ 
tude  spectrum  \FG{X‘)/G(X)\,  where  {Fj  is  any  smooth 
function.  Recall  that  q>,  6,  and  v  localize  by  finding  the  A'  for 
which  the  frequency  senes  D/G{X)  is  smoothest.  For  the 
deceitful  source,  the  hydrophone  will  record  data  with  spec¬ 
trum  \D  I  =  \FG{X')\\  thus  \D/G{X)\  will  be  smoothest 
whenA'ssA". 

The  0  localizer  is  more  difficult  to  deceive  because  it 
uses  phase  information;  the  deceitful  source  must  radiate  a 
time  waveform  equal  to  the  inverse  Fourier  transform  of 
G{X')/G{X).  Localizers  that  make  use  of  multiple  hydro¬ 
phones  will  also  be  more  difficult  to  deceive  because  the  de¬ 
ceitful  source  must  radiate  a  different  waveform  to  each  hy¬ 
drophone.  In  principle,  this  could  be  accomplished  using 
source  directivity,  but  the  multiplicity  of  paths  between  the 
source  and  each  hydrophone  makes  it  a  difficult  problem. 

Although  the  numencal  experiments  shown  here  are  for 
2-D  localization,  there  is  no  reason  a  single  hydrophone  can¬ 
not  be  used  to  localize  in  3D.  Single-hydrophone  localization 
in  2D  IS  possible  because  the  ocean  waveguide  assigns  each 
range  and  depth  a  unique  Green’s  function.  Similarly,  single- 
hydrophone  localization  in  3D  is  feasible  whenever  the 
ocean  waveguide  is  laterally  heterogeneous  so  that  each 
range,  depth,  and  azimuth  has  a  different  Green’s  function. 
Perkins  et  al. ' '  refer  to  this  principle  as  environmental  sym¬ 
metry  breaking  (ESB)  m  their  demonstration  that  localiza¬ 
tion  m  range  and  azimuth  is  possible  with  a  single  vertical 
array. 

If  multiple  hydrophones  are  available,  then  the  methods 
introduced  here  can  be  extended  in  a  number  of  ways  The 
least  sophisticated  method  is  “stacking,”  in  which  ambiguity 
surfaces  for  different  hydrophones  are  averaged.  For  an  ex¬ 
ample  of  a  more  sophisticated  extension,  suppose  that  just 
two  hydrophones  arc  available  Let  Z),  and  Di  be  the  Fourier 
transformed  data  from  the  two  hydrophones  and  let  (7, (AT) 
and  GiiX)  be  their  respective  Green’s  functions  At  the  true 
source  location,  />,/<;,  and  D^/Gi  will  both  be  equal  to  the 
source  spectrum  Wand  so  their  ratio  (Z>,/G,)/(Z)j/G2)  will 
be  unity  at  all  frequencies  A  new  <p  localizer,  modified  from 
Eq.  (6),  is 

lllo.iUIIG2(Ar)IUl/[l|o,ILI|g,WLi 

Numerical  tests  show  that  the  two-hydrophone  <p\, 
works  well  for  any  unknown  source  spectrum  IF,  i  e ,  it  is  not 
necessary  for  |  IF  |  to  be  smooth  Ambiguity  surfaces  foi  the 


two-hydrophone  arc  always  as  sharp  as  the  su 
shown  in  Fig  10. 

New  two-hydrophone  6,  and  vlocalizers  are  obtt 
m  a  similar  manner.  To  change  a  single-hydrophone  me 
into  a  two-hydrophone  method,  the  modification  pnnci 
that  Dj/GjCAT)  is  used  as  an  estimate  of  IF.  This  estim, 
IF  is  used  to  remove  IF  from  2),.  Thus  a  two-hydrop 
localizer  with  no  knowledge  of  IF  is  equivalent  to  a  si 
hydrophone  localizer  with  complete  knowledge  of  IF.  A 
Green’s  function  is  unique  in  the  sense 

AT,  7^  Afj  =>(  3(U„(U2)G(Ai'„<u, )  7^  GCAfj.iUi), 

It  follows  that  two  hydrophones  can  always  localize  anc 
one  hydrophone  can  always  localize  if  IF  is  known  1 
ever,  the  computations  above  demonstrate  more  than 
They  show  that  a  single  hydrophone  can  often  localize 
when  IF  is  not  known 

An  important  issue  is  the  robustness  of  the  new 
Iizers  in  the  presence  of  multiple  sources  and/or  noi 
multiple  sources  of  comparable  strength  are  present, 
these  havt  different  unknown  source  time  functions, 
the  performance  of  all  our  localizers  is  degraded.  The 
reason  for  this  is  that  our  localizers  are  frequency  cohe 
or  nearly  so.  The  (p,  6,  and  v  localizers  use  the  relative  ai 
tudes  of  adjacent  frequencies  within  a  band  while  the 
and/7  localizers  use  not  only  the  relaMve  amplitudes  of 
cent  frequencies,  but  also  their  relative  phases 

Although  single-hydrophone  localization  is  not 
cially  practical,  the  calculations  presented  above  show  t 
IS  certainly  possible  In  a  heterogeneous  ocean  contain 
dominant  source,  one  broadband  hydrophone  ga 
enough  information  to  locate  that  source.  Additional  i 
mation  about  the  source,  such  as  an  approximate  ampl 
spectrum,  is  easily  incorporated  to  improve  the  localiza 
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This  paper  suggests  a  new  approach  based  on  narrow*band.  lowTrequency  data  using  air* 
deployed  shots  recorded  on  widely  distnbuted  large  aperture  vertical  arrays  This  approach 
uses  fast»  cheap,  and  high  S/N  data.  Results  to  date  with  a  simulated  three-dimensional  (3*D) 
eddy  environment  show  that  efficient  characterization  of  the  environment  plus  careful 
selection  of  the  sourcc/array  geometry  can  lead  to  highly  accurate  estimates  of  the  3-D  sound- 
speed  profiles,  e.g ,  maximum  errors  less  than  0  2  m/s. 

PACS  numbers:  43.30  Pc 


INTRODUCTION 

Tomography  is  properly  defined  as  the  cross-sectional 
imaging  of  an  object  from  either  transmission  or  reflection 
data  collected  by  illuminating  the  object  from  many  differ¬ 
ent  directions  (Kak  and  Staney,  1987).  Here,  the  term  will 
be  used  to  describe  a  technique  involving  transmission  of 
acoustic  fields  through  an  ocean  region  and  subsequently 
inferring  the  3-D  sound-speed  profiles  by  examining  those 
fields  The  primary  objective  of  this  study  is  to  demonstrate  a 
new  approach  to  deep  water  ocean  tomography. 

Over  the  last  decade  ocean  tomography  experiments 
have  shown  that  remote  sensing  of  ocean  mesoscale  struc¬ 
tures  IS  highly  effective  at  ranges  up  to  3(X)  km  using  “high" 
frequencies  (above  100  Hz)  where  sound-speed  structure  is 
inverted  through  comparison  of  measured  with  predicted 
times  of  arnval  of  rays/multipaths  propagating  to  a  receiver 
from  a  pulsed  source  (Munk  and  Wunsch,  1979,  Behnnger 
€t  al.,  1982,  Cornucllc  ei  al,  1985).  More  recently  larger 
regions,  e.g,  1000x1000  km.  have  also  been  considered 
(Cornuellc  et  al.,  1989).  These  approaches  use  either 
moored  source/receivers,  or  -loving  source/receivers,  or 
some  combination  of  e.tch.  The  moored  tomography  tech¬ 
nique,  in  particular,  requires  res>  Ittion  on  the  order  of  10  ms 
(Spicsberger  et  al.,  1980)  to  detect  the  effects  of  environ¬ 
mental  changes,  and  this  demands  broadband  coded  source 
signals  with  accurate  synchronization  of  transmission  and 
recordings  The  data  must  be  collected  over  long  periods  of 
time  to  counter  fluctuations  due  to  internal  waves  and  tides 
Furthermore,  the  method  requires  that  the  relative  source 
location  be  known  to  within  a  fraction  of  an  acoustic  wave¬ 
length,  however,  absolute  location  will  not  and  need  not  be 
as  well  known  resulting  in  small  overall  biases  in  sound- 
speed  estimation  (J  Lynch,  1990)  One  major  drawback  of 
the  moored  approach  is  that  it  will  always  suffer  from  a  spar¬ 
sity  of  deployment  (number  of  paths  =  /i(/i  —  1  )/2,  where 
n  IS  the  number  of  moorings)  On  the  other  hand,  moving 
source/reccivcr  tomography  efforts  at  large  scale  ocean 

in? 


monitoring  (covering  thousands  of  square  kilometers)  with 
at  least  one  ship  will  always  be  very  time  consuming  and  thus 
very  costly  Moreover,  high-precision  mapping  requires 
their  source  and  receiver  positions  to  be  known  with  10-m 
accuracy  (Cornucllee/fl/.  1989)  By  contrast,  the  new  tech¬ 
nique  will  use  air-deployed  shots  (fast,  cheap,  and  good 
S/N)  and  will  require  position  locations  known  only  to 
within  a  few  wavelengths  In  particular,  at  20  Hz  this  is 
about  150  m  (the  width  of  the  processor  peak  is  usually  con¬ 
siderably  broader  than  this  so  that  position  errors  of  a  few 
wavelengths  result  in  very  small  processor  power  degrada¬ 
tions)  The  new  technique'  examines  interference  patterns 
across  an  array  for  single-frequency  ( not  time  domain ) ,  low- 
frequency  data  ( 10-30  Hz)  modeled  by  highly  accurate  nor¬ 
mal  mode  methods  The  lower  frequencies  will  propagate 
with  less  attenuation  and  will  not  be  as  sensitive  to  internal 
wave  fluctuations  as  the  higher  frequencies,  so  lime  averag¬ 
ing  should  not  be  required  (scaling  of  high-frequency  fluctu¬ 
ation  data  at  long  range,  e  g.,  Stanford,  1974,  indicates  that 
at  20  Hz,  phase  errors  nmII  be  less  than  a  tenth  of  a  wave¬ 
length,  and  thus  within  generally  accepted  bounds  for  coher¬ 
ent  addition  of  signals  on  hydrophone  arrays)  The  new 
technique  will  transfer  the  burden  from  intense  oceanogra¬ 
phic  surveys  to  intense  computer  processing  demands 


I.  APPROACH 

Given  vertical  arrays  of  hydrophones  and  sources  at 
known  ranges  and  depths,  the  essence  of  the  approach  is  to 
find  the  family  of  profiles  for  the  front  or  eddy  that  maxi¬ 
mizes  the  matched  field  power  a/  the  known  source  locations 
as  seen  at  the  arrays  For  a  discussion  of  the  technique  of 
matched  field  processing  (MFP),  see  the  papers  by  Bucker 
(1976)  and  Fizell  ( 1987),  Results  to  be  discussed  here  used 
the  Capon,  aka  maximum  likelihood  or  minimum  vari¬ 
ance,  processor  (w’th  S/N  =  lOdB),  which  has  been  shown 
to  be  sensitive  to  sound-speed  profiles  depending  upon  the 
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source  frequency  and  depth,  and  upon  the  array  configura¬ 
tion  and  depth  (Tolstoy,  1989a).* 

The  first  stage  of  the  process  is  to  charactenze  the  envi¬ 
ronment  in  as  few  parameters  as  possible.  Oceanographers 
have  developed  a  method  for  deriving  efficient  basis  func¬ 
tions,  known  as  empirical  orthogonal  functions  (EOFs),  for 
measured  sound-speed  proxies  (Davis,  1976)  This  method 
is  described  briefly  in  Sec.  II  In  an  effion  to  speed  up  pro¬ 
gram  calculations,  a  perturbation  method  has  been  used  to 
estimate  modal  wave  numbers  from  an  initial  set  of  wave 
numbers  and  perturbations  in  the  environmental  param¬ 
eters.  As  a  result,  the  sta.ndard  EOF  method  needed  to  be 
modified.  This  is  discussed  in  Sec.  II  as  well  In  Section  III, 
we  have  applied  the  modified  EOF  approach  to  simulated 
acoustic  "data"  propagating  through  a  simulated  environ¬ 
ment.  This  environment  descnbes  a  deep  water  (bottom  at 
4500  m )  "double  eddy"  by  means  of  a  standard  background 
sound-speed  profile  plus  two  offset  perturbations  (each  per¬ 
turbation  is  Gaussian  in  range  and  depth  as  in  Shang 
( 1989)  j,  which  introduce  anisotropic  range  and  depth  de¬ 
pendence  The  details  of  the  environment  are  presented  in 
Sec  III  Subsequently,  we  have  gndded  the  surface  of  the 
environment  into  square  celts  in  order  to  discretize  the  prob¬ 
lem  Each  cell  will  be  charactenzed  by  one  sound-speed  pro¬ 
file,  and  propagation  through  the  environment  will  be  mod¬ 
eled  by  means  of  adiabatic  normal  mode  theory  (Poner  and 
Reiss,  1984,  1985;  Shang.  1989),  where  weconsider  only  the 
waterborne  modes.  The  standard  model  of  Porter  and  Reiss, 
i.e..  the  KRAKEN  model,  was  used  to  generate  mode  func¬ 
tions  and  wave  numbers  at  the  source  and  receiver  locations 
(and  for  the  mean  AXBT'  profile)  while  a  perturbation 
scheme  was  used  to  determine  the  wave  numbers  for  all  in¬ 
tervening  path  regions  (see  Appendix).  We  shall  assume 
that  bottom  interacting  energy  has  been  mode  filtered  or 
time  gated  out  (including  such  energy  decreases  MFP sensi¬ 
tivity  to  sound-speed  profile  changes  and  would  increase 
computer  run  times  significantly).  It  should  be  noted  that 
our  propagation  model  will  not  allow  for  full  three-dimen¬ 
sional  (3-D)  effects,  ie.,  horizontal  refraction  will  not  be 
accurately  described.  Rather,  our  effects  will  be  limited  to 
"2.5-D”  effects  where  the  propagation  will  be  range-  and 
depth-dependent  along  each  2-D  source^receiver  path,  and 
these  paths  will  each  vary  substantially  as  they  cross  through 
the  environment.  Early  studies  by  Baer  ( 1980,  1981 )  have 
shown  that  full  3-D  modeling  through  ocean  eddies  is  very 
accurately  approximated  by  the  2  5-D  approach 

Finally,  wehaveexamined  array  placements. source  dis¬ 
tributions,  and  numerical  methods  for  finding  the  MFP 
maxima  as  a  function  of  the  environmental  parameters 
Those  results  are  presented  in  Sec  IV 


11.  EFFICIENT  CHARACTERIZATION  OF  THE 
ENVIRONMENT 

III  an  effort  to  reduce  the  parameter  search  space,  one 
can  describe  a  sound-speed  profile  as  a  sum  of  EOFs  ( Kundu 
et  al.y  1975,  LeBlanc  and  Middleton,  1980  Rizzoli  ei  at, 
1985)  The  COFs  are  defined  as  the  eigenfunctions 
=  (/, (z,),  Jp.iz,))  (actually  eigenvectors  since  wc 


sample  at  K  discrete  depths  z,  ihc  covanance  ma- 

(nx  R.  where  for  S  sample  profiles 
Rf=  Af. 


with  A,^  =  and  A,  the  eigenvalues,  and  where  c,{z,)  is 
the  sound-speed  of  the  nth  profile  at  the  ith  depth  and  c  is  the 
average  sample  profile  The  N  sample  profiles  can  come  ci¬ 
ther  from  archival  data  or  more  accurately  from  measure¬ 
ments,  e.g,  from  AXBT  data  The  results  in  this  paper  use 
profiles  sampled  every  25  km  about  t  .c  perimeter  of  the  re¬ 
gion  as  indicated  by  the  circles  in  Fig  1  Then,  the  sound 
speed  cix^,z, )  at  any  point  (x^^, )  m  the  region  is  given  by 

A 

cixofa, )  =  c(z, )+  £  ^  V)A  )• 

*  •  I 

Since  we  used  a  perturbat'on  scheme  to  determine  mod¬ 
al  wave  numbers  for  a  perturbed  environment  (see  Appen¬ 
dix),  we  needed  to  modify  the  abovcmcntioned  EOF  proce¬ 
dure.  In  particular,  the  entnes  o.'  R  have  become 


where 


z,)  N.rAc-U,)) 


Thai  IS,  c(e)  has  been  replaced  everywhere  by  l/c*(r)  We 
shall  denote  the  new  EOFs  by  {g»(z,)) 

The  EOF  basis  functions  have  the  advantageous  feature 
that  they  ate  the  most  efficient  basts  functions  [in  a  least- 
squares  sense,  see  Davis  (1976)]  for  an  expansion  of  the 
sound-speed  profiles  In  general,  only  two  or  three  such 
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functions  art  necessary  for  a  highly  accurate  representation 
of  a  profile  That  is, 


c(W,)=c{r,)+  X  a.Uj'jACi,)- 

km\ 


) 


Similarly, 


I _ 1_ 

ci„Az,) 


+  X  A{jrj>)Xi(z,). 

k-l 


Thus  our  parameter  search  space  has  been  reduced  to  find¬ 
ing  or  three  coefficients  {/?*}  per  sound-speed  profile 
rather  than  fihd!»‘g  all  the  values  of  the  sound-speed  profile 
as  a  function  of  depth.  Of  course,  pathological  profiles,  i  c., 
those  whose  character  differs  significantly  ffoni  the  profiles 
generating  the  EOFs,  may  require  more  than  two  or  three 
terms  for  their  expansions.  The  scries  expansion  is  referred 
to  in  the  signal  processing  literature  as  the  Karhunen-Loeve 
expansion  (Van  Trees,  1968). 


III.  THE  SIMUUTED  ENVIRONMENT 

The  environment  selected  simulates  a  deep  water  north 
Pacific  region  and  consists  of  a  background  sound-speed 
profile  Co  (2)  taken  from  archival  data  (from  the  NODC, 
1968)  and  shown  as  the  solid  curve  in  Fig.  2,  plus  two  offset 
Gaussian  perturbations  applied  to  depths  from  0  to  9(X)  m 
For  all  xj'.  we  have  c( lOCX)  m)  w  1480.4  m/s  and  c(4500 
m)  »  1530  m/s  with  a  simple  linear  fit  between  (he  two 
depths  At  the  point  (xj’,?).  we  have 

I  c(xj',z)  =eo(z)  +  AC,(xj',2)  ACjfxj',:), 

where 

ac,  (XJ’.J)  =  i,  «xp{  -  (r, /«,)>-(  (J  -  Z,  )/2,  J>}. 
r,  =  + 

where  A,  =  -  10  tn/s,  Aj  =  -  5  m/s,  ) 

'  =(125  km,  125  km),  (jtjJi,)  =  (175  km,  175  km), 

R,  =  100  km,  R,  =  50  km,  e,  =  500  m,  z,  =  200  m, 
Z,  =  500  m,  Zj  =  200  m. 


FiG  2  Sound  speed  profiles  as  function  of  (kpih  (0*1000  m  only)  Solid 
curve  corresponds  to  profile  with  no  eddy  perturbations  Doited  curve  gives 
profile  at  center  of  large  perturbation,  i  e.  at  (125  km.  125  km)  Dashed 
curve  gives  profile  at  center  of  small  perturbation.  I  e.  at  (175  km,  175  km) 


Thus  the  maximum  change  in  sound  speed  as  a  function 
of  (x^y)  occurs  at  r  =  500  m,  will  be  approximately  —  10 
m/s.  and  occurs  between  profiles  at  the  region  perimeter  and 
those  near  the  region  center.  Sample  region  profiles  are 
shown  in  Fig  2. 

Having  simulated  a  3-D  sound-speed  environment,  we 
next  computed  the  EOFs  {gt(Z/)}  given  the  36  profiles 
c„  (x,)  sampled  about  the  penmeter  as  shown  in  Fig  1  Ear¬ 
lier  work  (Tolstoy,  1989b)  has  shown  the  lowcr-ordcr/ma- 
jor  EOFs  to  be  surprisingly  robust,  i.e ,  insensitive,  to  how 
the  environment  is  sampled  In  general,  the  first  two  EOFs 
themselves  charge  slightly  with  different  sampling,  e  g , 
through  the  perturbation  regions  versus  along  the  perimeter, 
although  their  coefficients  can  change  quite  a  bit  The  effi¬ 
ciency  of  the  EOFs  can  be  improved  by  good  sampling  The 
twomajorEOFsg,(z,),^j  (?,),/  ==  I,  ,10areshowninFig. 
3  with  corresponding  normalized  eigenvalues  3=  I, 
s=  0  04.  The  highcr-ordcr  eigenvalues  are  of  order  10  ” 
and  their  significantly  smaller  values  indicate  their  reduced 
contnbution  to  the  expansions  That  is,  the  vast  majority  of 
the  environmental  variability  can  be  desenbed  by  only  two 
EOFs.  Indeed,  fits  to  our  environment  indicate  that  errors  in 
sound  speed  are  less  than  0. 1  m/s  if  only  two  EOFs  are  used. 

Having  determined  the  (modified)  EOFs  for  our  simu¬ 
lated  eddy  region,  we  next  computed  their  coefficients  as  a 
function  of  (x^y)  throughout  the  region  For  the  discretized 
area  of  Fig.  1  ( lOx  10  grid  over  250*x250-km  area),  we 
show  their .  i!ucs  in  Fig  4.  These  will  be  the  parameters  that 
we  will  attempt  to  find  in  our  tomography  program. 

IV.  RESULTS 

Consider  four  vertical  arrays  distnbuted  in  the  interior 
of  the  region  of  interest  as  shown  m  Fig.  5,  with  sources 
distributed  around  the  perimeter  at  the  centers  of  those  cells 


SPEED  (m/sec) 
imo  Heso 


FIG  J  Modifitd  EOFs  (f,).  k  =  1.2}  muliipIicU  by  50x  10  and 
added  to  14S0  The  dolled  curve  corresponds  to;,  with  a  maximum  at  500 
m  while  the  solid  curve  corresponds  to  with  a  maximum  at  200  m 
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FIG  4  Modified  EOF  coefficients  at  a  function 
of  (x.y)  Normalized  scale  indicated  above  pic¬ 
tures  Part  (a)  displays  they?,  coeffi(.ient  values 
(normalized  from  lto0,0to  -f  1.  actual  val¬ 
ues  from  -  135X10-'"  to  0.  0  to  25x10-'") 
and  part  (b)  displays  the  0^  coefficient  values 
(normalized from  —  ItoO.Oto  -f- 1, actual val- 
uesfrom  -  10xl0"'"to0,0lo30xi0  *") 
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FKj  5.DiMnbulionnirourjrrays(indic4tedby9)and30souacsat  100 
m  depth  (indicated  by  •)  for  lOx  lOgridcxivennit  250x250  square  km 


For  the  results  of  this  paper,  we  shall  assume  that  the  source 
and  array  locations  arc  known  exactly  (recent  work  indi¬ 
cates  that  errors  in  source  locations  can  be  largely  corrected 
by  adding  source  coordinates  as  parameters  for  iteration). 
We  shall  assume  that,  along  with  the  sources/shots  and  ar¬ 
rays,  we  will  also  distribute  AXBTs  and/or  (jrDs  so  that  we 
will  know  the  sound-speed  profiles,  i.e ,  EOF  coefficients/?, , 
/?}.  for  those  cells  We  also  estimate  the  range  of  values  (wc 
shall  suppress  the  factor  10" that  those  coefficients  can 
achieve  in  the  interior,  i.e.,  -135</?i<25,  -10<^j<30. 
Thus  the  simplest  initialization  of  the  coefficient  values  is  to 
select  mid  values.  1C, /9,  -  -  55,/?2  =  10,  as  shown  m  Fig 
6. 

The  frequency  selected  will  be  20  Hz,  and  the  arrays  will 
each  have  28  phones  spaced  every  37  5  m  (Iialf- wavelength 
spacing)  in  depth  with  the  first  pi'<  ■  )  just  below  the  surface 
T^us  the  arrays  span  the  upper  1000  m  of  the  water  Pre¬ 
vious  work  (Tolstoy,  1989d)  has  shown  (not  surprisingly) 
that  shallow  arrays  are  most  sensitive  to  sound-speed 


FIG  6  Irilu'csiimal«fi>rmodihedEOI  vixffi 
cienu  av  a  function  of  ( vo’)  Note  that  scales  are 
identical  (o  those  of  Fi|;  4,  and  that  the  coeffi 
ctenis  around  the  perimeter  (where  the  sources 
are  located)  and  at  the  arrays  are  known  other 
wise./?,  as  -55,^.  =  10 
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changes  in  the  upper  water  depths,  and  so  we  shall  locale  our 
arrays  there. 

We  begin  by  examining  the  MFP  power  P„  at  each  ar¬ 
ray  r  for  each  source  s  given  the  environment  of  Fig  6  and 
the  source/array  distribution  of  Fig  5.  This  power  is  shown 
in  Fig.  7,  and  we  .lote  that  the  power  is  generally  low,  indi¬ 
cating  that  the  nsironmcnt  is  in  error  (maximum  value  is 
approximately  28). 

We  considered  a  number  of  numerical  schemes  to  iter¬ 
ate  through  the  environment  in  the  hopes  of  finding  the  solu¬ 
tion  environment.  First,  a  simulated  annealing  scheme  (see 
Metiopolis  et  al.,  1953,  Kirkpamck  el  ai,  1983;  Kirkpat- 
nck,  1984,  and  most  readable  of  all,  Press  ei  al.,  1986)  was 
implemented  with  "temperature”  T  set  to  zero  This  was 
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equivalent  to  attempting  to  climb  to  the  global  maximum 
assuming  the  solution  space  was  convex,  i.e ,  that  there  were 
no  local  maxima  to  stall  the  procedure  This  did  not  work 
Next,  the  algorithm  was  used  for  vanous  values  of  T  m  an 
effort  to  find  the  critical  temperature  In  general,  the  algo 
nthm  was  very  time-consuming  In  an  effort  to  shortcut  the 
computations,  another  approach  was  'inally  used'  "Beta 
backpropagation.”  This  method  was  motivated  by  the  early 
"backpropagalion"  schemes  used  in  medical  tomography 
(see  Brooks  and  Di  Chiro,  1976)  Our  method  can  be  de- 
senbed  as  follows 

Consider  the  yth  cell,  and  ilerate  through  all  possible 
values  of  the  EOF  coefficient  0,  Let  denote  the 

maximum  power  found  for  the  path  from  source  s  to  ai  ray  ' 

Toistoyafa/  Matched f«Wtomo9fapn>  1^23 
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(c)  SOUI^CE  NO 


riG  9  Fmalcjtimaicsfor  MFPpowei Jtcich  fccovmgarMy /•for  each  v>urcejfiven«nvironmcnt  ot  Fig  8  Compare  to  Fig  7 


124 


J  Acoust  Soc  Am  Vo>  89,  No  3  March  1991 


Tolst  ly  et  a!  Matched  field  tomoor aphy 


) 


I 


r 


t 


I 


I 


I 


» 


> 


o  III 


®) 


RANGE  (km) 


(0 


TABLE  I.  Results  with  four  smys. 


Design  ID 

41 

4 

42 

43 

Max  error/?, 

539 

30 

47 

3S2 

Avenw^i 

IS4 

1 1 

1.2 

7.2 

Max  error 

39 

16 

21 

54 

Av  error 

14 

05 

07 

14 

No  sweeps 

33 

31 

26 

II 

Let^)„(V)  be  Ihc  corresponding  coeflicient,  and  A„(i/)  be 
the  length  of  the  path  through  the  cell.  Then,  define  the  new 
coefficient  estimate  by 

k  Vj)  =  £^:.„«y)4„(!/)(x  A„(iy))  ■ 

Next,  consider  and  repeal  the  procedure.  Then,  proceed 
to  the  next  cell.  When  all  cells  have  been  processed  (one 
sweep),  repeat  from  the  first  cell  (note  that  ^1  the  cells  may 
have  changed  their  coefficients  and  so  path  contributions 
from  the  non-^h  cell  will  have  changed).  For  the  results 
presented  here,  the  process  was  stopped  when  the  total  pow¬ 
er  ^ iMtl  —  n  was  no  longer  increasing. 

For  the  example  discussed,  we  obtained  excellent  results 
for  31  sweeps  as  shown  in  Figs.  8  and  9,  with  a  maximum 
sound-speed  error  everywhere  of  less  than  0.2  m/s. 

Next,  we  considered  other  configurations  of  three  and 
four  arrays,  and  Fig.  10  illustrates  the  ones  examined  so  far. 
We  found  that  the  four-array  design  outperformed  the  three- 
array  design,  and  that  the  best  results  corresponded  to  de¬ 
signs  that  were  neither  very  widespread  nor  very  compactly 
concentrated  in  the  region.  When  companng  designs,  we 
considered  the  maximum  EOF  coefficient  errors  and  the 
average  coefficient  errors  obtained  at  the  conclusion  of  the 
beta  backpropagation  computation  and  presented  in  Tables 
I  and  11.  The  bet  configuration  for  three  arrays  (design  ID 
3)  resulted  in  a  maximum  sound-speed  error  of  1.0  m/s. 

V.  CONCLUSIONS 

We  conclude  that  efficient  characterization  of  the  envi¬ 
ronment,  i.e.,  through  the  use  of  empirical  orthogonal  func¬ 
tions,  plus  careful  source/array  geometry,  can  result  in  high¬ 
ly  accurate  estimates  of  the  3-D  sound-speed  environment. 
In  particular,  we  saw  that  four  vertical  arrays  spanning  the 
upper  1000  m  of  water  and  placed  ui  the  interior  of  the  region 
of  interest  with  shots  distributed  every  25  km  .along  the  pe- 


FtG  to  Qinfisuralion  designs  considered  for  ihree  and  four  arrays  (a) 
four-array  squares,  (b)  three  anay  mangles  with  two  or  three  vertices 
changing  location,  (c)  three-array  mangles  with  one  vertex  changing  loca- 
non 


intersecting  the  i/th  cell  (all  other  coefficients  along  the  path 
are  fixed),  i.e , 

P’„UJ)  =  maxP„. 

di 


TABLE  It  Results  with  Ihree  arrays 


Design  ID 

3 

32 

33 

34 

35 

36 

37 

38 

39 

Max  error^. 

13  6 

580 

220 

226 

27  2 

23  8 

14  2 

32r7 

11  1 

Av  errors, 

4t 

249 

6.0 

61 

6.1 

48 

31 

63 

33 

Max  error /9g 

6.5 

78 

37 

82 

69 

151 

27 

34 

86 

Ay  error  ^2 

16 

24 

I  I 

21 

?0 

25 

07 

09 

1  7 

Na  sweeps 

15 

7 

23 

23 

27 

30 

40 

17 

46 
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rimeter  fKulted  in  maximum  errots  less  than  0,2  m/s  for  our 
2^km-per-side  square  region  and  for  the  frequency  20  Ha. 
Confi^ratibns  with  fewer  arrays  resulted  in  less  accuracy, 
and  Wrays  placed  too  near  the  perimeter  or  too  close  togeth¬ 
er  in  the  center  of  the  region  resulted  in  poorer  performance. 

VI.  FUTURE  WORK 

Our  results  so  far  involve  simulation  "data”  in  a  simu¬ 
lated  eddy  environment.  Even  for  these  ideal  conditions, 
many  issues  remain  to  be  resolved,  such  as  how  does  the 
number  of  cells  relate  to  the  number  of  sources  required  for  a 
desired  sound-speed  resolution  (for  the  examples  discussed 
here  we  had  many  paths  through  each  cell  resulting  in  an 
overdetermined  system)?  How  finely  does  the  environment 
have  to  be  gridded  in  order  for  the  adiabatic  assumption  to 
remain  "valid?"  Will  some  form  of  interpolation  through  the 
environment  be  necessary  to  counteract  the  abrupt  cell 
boundaries  (requiring  a  horizontal  correlation  scale  param¬ 
eter)  and  what  will  the  eflect  be?  Can  we  suggest  an  optimal 
geometry  for  a  given  number  of  arrays  and  sources?  What 
range  limitations  will  be  encountered  by  this  technique  and 
why?  Are  there  better  algorithms  for  finding  the  global  MFP 
maxima?  Additional  questions  will  arise  with  measured 
data,  such  as  will  there  be  difficulties  FFT  processing  shot 
data  at  the  frequencies  of  interest,  i.e.,  10  to  30  Hz,  with 
subsequent  problems  inverting  the  cross-spectral  matrix?* 
Will  consideration  of  additional  frequencies  i.itroduce  more 
useful  information?  How  will  removal  of  bottom  interacting 
energy  via  mode  filtering  affect  our  computations?  What  will 
be  the  cumulative  effects  of  errors/uncerlainties  in  source 
locations,  array  deformations,  environmental  measure¬ 
ments,  and  smoothings?  These  issues  will  be  addressed  in 
future  work. 


APPENDIX 

Let  d  =  wherep  is  pressure  andp  is  density.  Let 
the  unperturbed  eigenfunctions  d,  (z)  satisfy 

(L  -f-  K)di 

where  /.,  =  *  f,  k,  is  the  ith  modal  wave  number, 
y  -  (uVej  (z),  and  L  =  p'''d,p  "  '3,p'''.  Let  the  perturbed 
eigenfunctions  d,  satisfy 

(i  +  F-b5IOdi=.J,d.. 

wheredF  =W(j/c’(r)  -  l/cJ(z)),3nd,J,  is  the  perturbed 
eigenvalue.  Let  d,  =  SyU^d/.  Then 

(L  +  K+dn£<i,d/=-5,^<i,idi. 

Applying  (d„  \  =  So  <^m  (z)dz  to  both  sides  and  recalling 
that 

gives 

j 

Settinga^  =  I  and  discarding  terms  of  0(15K|*)  while  not¬ 
ing  that  fl,,  -  0( {6K  j )  we  have,  for  /  -  m, 


Let  SV  =  Then 

where 

Thus,  given  the  EOFs  {g/z)},  the  unperturbed  eigenfunc¬ 
tions  eigenvalues  {/I,}  (computed  from  the  mean 

AXBT  sound-speed  profile),  and  coefficients  {fij},  we  can 
rapidly  (and  accurately:  Our  examples  were  good  to  four 
significant  figures)  compute  the  perturbed  eigenvalues  U  J 
from  which  we  can  obtain  the  new  modal  wave  numbers. 


'  The  use  of  MFP  for  environmenul  inverse  problems  hts  been  suuesied 
elsewhere  (Tolstoy,  I9S7:  Lmnfsion  end  Diechok.  1989). 

^The  suthors  heve  recently  be|un  investiieting  the  lineir  processor  imd 
found  It  to  produce  simiUr  results  to  those  presented  tn  this  section. 

'AXBT  siends  for  iir-deployed  expendsWe  beihythermosreph.  which 
measures  temperature  as  a  function  of  depth.  These  measurements  are 
then  convened  to  sound  speeds 

*  Recent  mvesiigations  using  low-frequency  ( IS  Hr)  shot  data  (see  Karan- 
{elan  and  Diachok,  I99(h  Fixell  tt  ol ,  19^)  have  not  shown  any  diffieul* 
ties  for  sources  at  approximately  SO-km  range  although  diagonal  loading 
was  necessary,  as  expected 
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SUMMARY 

We  consider  a  medium  (insisting  of  homogeneous  layers  separated  by  curved 
interfaces.  In  order  to  evaluate  the  response  of  a  single  generalized  ray,  the  source 
and  receiver  wavefields  are  expanded  in  a  senes  of  plane  waves.  The  coupling  of 
these  plane  waves  at  each  point  of  the  surfaces  of  material  discontinuity  is 
determined  by  means  of  a  Kirchhoff  integral  using  generalized  reflection  and 
transmission  coefficients.  The  resulting  integral,  called  the  multifold  phase  space 
path  integral  (PSPI)  consists  of  a  senes  of  integrals  over  ray  parameters  and  over 
interfaces  touched  by  the  generalized  ray  on  its  way  from  the  source  to  the  receiver. 
This  approach  is  a  generalization  of  the  multifold  configuration  space  path  integral 
(CSPI)  to  which  it  reduces  by*successive  application  of  the  stationary  phase  point 
method  over  the  ray^parameter  integrals. 

The  PSPI  like  the  CSPI  automatically  includes  diffractions  from  corners  In 
addition  classical  head  waves  are  included,  although  for  curved  interfaces  the  head 
waves  are  only  approximate.  2*0  synthetic  seismogiams  are  converted  to  equivalent 
approximate  point^source  responses  by  assuming  cylindrical  symmetry  about  source 
and/or  receiver.  The  waveforms  and  amplitude  of  PSPI  synthetic  seismograms 
compare  well  with  those  computed  by  generalized  ray  theory  for  a  1-D  model,  and 
with  finite  difference  synthetics  for  a  2-D  model. 

Key  words:  diffractions,  head  waves.  Kirchhoff,  phase  space,  synthetic 
seismograms. 


1  INTRODUCTION 

Kirchhoff-Helmholtz  (KH)  integrals,  especially  ray- 
Kirchhoff  formulations,  have  been  used  ^th  in  their 
acoustic  (Trorcy  1977,  Hilterman  1970,  1975)  and  elastic 
forms  (Frazer  &  Sen  1985,  Sen  &  Frazer  1985)  for 
computing  reflection  and  refraction  seismograms  m  laterally 
inhomogeneous  media.  Rays  are  traced  from  both  source 
and  receiver  to  a  surface  of  material  discontinuity  and  the 
KH  theory  is  applied  to  determine  the  coupling  between 
each  source  ray  and  each  receiver  ray  at  the  interface  The 
assumption  inherent  in  the  KH  formulation  is  the  tangent 
plane  approximation  which  asssumes  that  at  the  point  of 
intersection  wavefronts  are  locally  plane  and  the  interface  is 
planar,  allowing  the  use  of  plane  wave  reflection  and 
transmission  coefficients  However,  real  sources  are  finite 
and  actual  wavefronts  at  the  interface  are  sphencal 
Brekhovskikh  (1960)  established  a  relation  between  the 
sphencal  and  plane  wave  reflection  coeffiaents  and  ^owed 
that  the  error  term  grows  m  the  post'cntical  region  Thus, 
the  Kirchhoff  formulation  will  be  in  error  tor  near  and  past 
cntical  reflections 


The  ray-Kirchhoff  formulation  is  valid  even  when  the 
receiver  is  located  at  a  caustic  and  the  diffractions  from  any 
corner  on  the  surface  of  integration  are  automatically 
included  However,  caustics  of  the  source  and  receiver 
wavefields  caused  on  the  surface  of  integration  are  not 
(X}rrectly  treated,  head  waves  are  not  included,  and  the 
diffractions  from  corners  at  intermediate  interfaces  are  not 
included. 

Recently.  Zhu  (1988)  developed  a  ray-Kirchhoff  formula¬ 
tion  that  avoids  the  singulanty  at  the  caustics  by  using  a 
mixJihed  Eikonal  equation  to  denve  the  geometneal  ray 
theory  Green’s  functions.  This  approach  gives  a  solution 
that  IS  regular  even  when  there  are  caustics  on  the  surfaces 
of  integration.  However,  as  the  ray-field  becomes 
multivalued  (due  to  multipathing)  on  the  surface  of 
integration,  the  integration  has  to  be  earned  out  for  each 
branch  of  the  ray-field  This  gives  nse  to  diffraction  like 
phases  from  each  endpoint  of  the  surface  of  integration 
(Frazer  &  Sinton  1984,  Sen  &  Frazer  1985) 

A  generalization  of  the  Kirchhoff-Helmholtz  procedure 
which  overcomes  some  of  these  problems  is  the  multifold 
configuration  space  path  integral  (CSPI  Frazer  1987,  Sen  & 
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Figure  1.  Formulation  of  a  CSPI.  Summing  over  all  paths  ^rom 
source  to  the  receiver  via  the  interfaces  reduces  to  Snell  ray  path  at 
the  high-frequency  limit 


Frazer  1987).  Here  wc  briefly  review  the  CSPI,  for 
completeness.  Considei  a  medium  consisting  of  two  layers 
over  a  half-space.  The  response  ot  a  single  generalized  ray 
(Fig.  1)  can  written  as 

“(*,)  ->  J »1,  *2.  «J.  «,) 

XCXp{<W(r(»„X„Xj,Xj,X,)|),  (I) 

which  is  dcnved  using  the  elastic  KH  integral  iteratively. 
The  function  /  contains  geometrical  spreading  terms. 
.  generalized  reflection/transmission  coefflcients,  etc.  and  7  is 

*  the  traveltime  of  a  ray  from  the  source  to  the  receiver  via 

the  interfaces.  The  CSPI  makes  use  of  geometrical 
acoustics,  generalized  plane  wave  reflection  and  transmis¬ 
sion  coeflicients  and  an  elastodynamic  form  of  the  KH 
integral.  Thus  the  approximations  made  .^^re  those  used  in 
gcometncal  ray  theory  and  the  tangent  plane  approxima- 
I  tion.  In  essence  a  CSPI  is  a  multiple  Huygen’s  constiuction 
and  the  resulting  integral  resembles  the  Feynman  configura¬ 
tion  space  path  integral  (Schulman  1981)  A  true  Feynman 
path  integral  solves  the  Schrodinger  equation  (factorized 
Helmholtz  equation,  in  the  seismological  context)  in  terms 
of  an  infinite  dimensional  integral,  which  when  evaluated  by 
stationary  phase  methods,  gives  the  classical  path.  Thus,  our 
^  CSPI  given  by  equation  (1)  is  not  a  true  Feynman  path 
integral,  for  the  derivation  of  (!)  is  based  on  an  entirely 
different  context  and  assumptions  First,  separation  of  the 
elastic  wave  equation  into  two  exact  one-way  Schrodinger 
type  equations  has  not  been  made  Second,  wc  integrate 
only  over  surfaces  of  matenal  discontinuity  where  the 
I  boundary  conditions  are  explicit.  Our  integral  contains  the 
contribution  of  all  possible  paths  which  are  piecewise 
straight  with  vertices  at  the  interfaces,  hence  the  name 
configuration  space  path  integral.  Successive  application  of 
the  stationary  phase  method  to  equation  (1)  ^elds  the 
classical  or  Snell  ray  paths. 

The  CSPI  avoids  the  problem  of  caustics  and  multipathing 
}  of  rays  on  surfaces  o'  integration  and  includes  diffractions 
from  comers  at  any  intermediate  interface.  However,  head 


waves  and  certain  tunnelled  waves  ore  not  included,  and  a 
layer  pinchout  will  give  nse  to  a  siiigulanty  in  the  integrand 
for  a  ray  transmitted  through  the  pinched-out  layer.  Such 
singularities  are  integrable,  but  near  the  layer-pinchouts  the 
curvature  of  the  wavefront  is  so  great  that  the  Kirchhoff 
approximation  is  no  longer  valid.  To  address  these  problems 
we  introduce  below  a  generalization  of  the  CSPI  called  the 
multfold  phase  space  path  integral  (PSPI) 

2  SCALAR  KH  INTEGRAL 

Here  for  completeness  we  derive  a  frequency  domain 
version  of  the  scalar  KH  integral  whicii  will  be  needed  in  the 
sequel  for  the  denvation  of  the  PSPI.  As  shown  m  Fig.  (2) 
we  consider  a  volume  V  with  bounda^  $V  and  an  outward 
pointing  unit  normal  n  and  consider  two  scalar  wave 
equations  given  by 

(v^+^)'^i=A,  (^’  +  ^)«2-=A.  (2) 

Where  <o  is  the  angular  frequency,  a  is  the  wave  velocity  and 
ft  and /}  have  support  at  points  X]  and  x^.  respectively  Thus 
the  bmction  /|  vanishes  inside  V  and  on  $V  and  /j  vanishes 
outside  V  and  on  $V.  The  scalar  fields  and  ^2  be 
used  (o  represent  displacement  or  velocity  potentials  in  an 
elastic  medium  or  pressure  in  an  acoustic  medium.  By  the 
divergence  theorem,  we  have 

f  D  •  (0,V^2 "  «  f 

hv  •'V 

^lOifzdV.  (3) 

Jv 

Note  that  the  surface  integral  reduces  to  a  line  inlegral  in 
2«D.  Letting  4  ■>  d(x  X;)  this  integral  reduces  to 

n-iil>^ViP2-<p2V4>,)dA.  (4) 

Thus  the  scalar  wavehcld  at  point  Xj  due  to  a  source  fi 
outside  of  V  is  expressed  as  an  integral  of  the  scalar  flelds 
d»|,  ^2  ®nd  ihcir  normal  derivatives  over  the  surface  5V. 
For  conect  use  of  (4)  <>|  must  be  due  to  a  source  with 
support  exterior  to  V  and  the  scalar  field  <p2  must  be 
associated  with  a  point-source  at  X2  of  the  type 
/2»d(x-X2).  In  the  derivation  of  the  CSPI  (Frazer  &  Sen 
1985),  the  integrand  of  the  scalar  KH  integral  is  i  'aluatcd 
by  using  geomrtneal  ray  theory  Green's  functions.  To 


Figure  2.  The  scalar  Kirchhoff-Hcfmholiz  formulation 


derive  the  PSPI,  we  will  instead  use  the  ray-parameter 
expansions  of  the  source  and  receiver  wavefieids  ^ven  in  the 
next  section. 
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3  F-INTEGRAL  REPRESENTATION  OF 
SCALAR  WAVEFIELDS  IN  2-D 
HOMOGENEOUS,  ISOTROPIC  MEDIA 

The  frequency-domain  vector  wave  equation  for  di^tace- 
ment  u  in  a  homogeneous,  isotropic,  elastic  medium  is  ^ven 
as 

(A  +  2fi)V(V-u)-;iVxVxii  +  pMSi  =  r,  (5) 

Decomposing  u  into  Helmholtz  potentials  as 
n  =  V^-VXA  (6) 


(-y^+<»V)  '  ' 

which  can  be  evaluated  after  we  evaluate  This  is  ^ven  as 
4  =  J"  dxdzexp(-iwpx-iYz)Po(x,z)  (16) 

For  a  point  explosion  source. 

f=V6(x-x,)  (17) 


Without  loss  of  generality  we  can  lake  x, »  z,  0  so  that 


V-usiVV  {^) 

and 

VXue VxVxA 

Thus  from  (S)  and  (6)  we  obtain 

V[(A  +  2;i)VV  +  PO)^]  -  V  X  (pw^A  +  pV  X  V  X  A) «  f.  (8) 

The  source  term  f  can  also  be  expressed  in  terms  of 
Helmholtz  potentials  as 

tmVpo-Vxlo,  (9) 

For  a  purely  compressiona)  source.  f«>Vpo.  and  LohO,  so 

that (8) reduces  to 

We  now  apply  a  spatial  Founer  transform  given  by 
^(p,  z)«J"  exp(-ra»px)^(x,  z)dx  (II) 

for  GJ>0,  with  inverse 

exp(<wpjr)^(p,  j)rfp  (12) 

From  (10)  and  (II),  we  have 

+  =  (13) 

Homogeneous  solutioas  of  (13)  can  be  wntten  as 

^  =  cxp(ii(oqz),  where  V(l/n^-p^  is  the  sertical 
slowness  In  order  to  obtain  the  inhomogeneous  solutions, 
which  are  determined  uniquely  by  the  source  term  on  the 
right-hand  side  of  (13),  further  transformation  is  necessary 
Applying  the  following  transformation 


0  =  0exp(-iy2)Jz 


(-y*  +  Q>V)^  = 


in. 


dx  dz  exp  {-itDpx  -  tyz)  d(x)  6(2) 


Then  substitution  for  Po  m  (15)  gives 

-  1  r*  exp(iyr)  , 

V/e  now  use  residue  theorem  to  evaluate  (19)  and  apply 
inverse  Founer  transform  to  obtain  ^  This  is  given  as 

|<U  f”  exp(/w(px  +  i;j)|  , 

^“2i^L — (M) — 

where  P*"xp  +  z^  is  the  slowness  vector.  Equation  (20) 
expresses  the  P-wave  displacement  potential  due  to  an 
explosion  source  in  a  2’D  homogeneous,  isotropic  medium 
as  an  integral  over  ray-parameter  p 

4  POINT-FORCE  IN  A  2-D  MEDIUM 

The  elastic  equations  of  motion  for  a  hne  force  acting  m  an 
inhmte  medium  can  be  written  as  (c  g..  Pliant,  1979) 

a^V(V-u)-AxVXu  +  <u'u=-»-^  (21) 

p2;rr 

where  a  and  ^  are  compressional  and  shear  wave  velocities, 
p  IS  the  density,  r  =  V(x^  +  2*)  and  a  is  a  unit  vector  in  the 
direction  of  the  point-force.  First,  we  write 

u  *  V(V  •  Ap)  -  V  X  (V  X  AJ,  (22) 

where  we  have  introduced  a  scalar  potential  (V  -  Ap)  and  a 
vector  potential  (VX  A,)  (e  g.,  Pilant  1979)  We  also  have 
the  identity 


.(ii!lW)_vxVx&>) 

\  2.TP  /  \  2np  / 
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Thus  from  (21),  (22)  and  (23),  we  obtain 

Now  wc  set  z  «  0  and  x  s=  r  to  obtain 

(24) 

1  r  dK,exp(iK,r) 

4)ipa^iL,  |/fjy 

(VH<:J)A.  =  -.gi, 

(25) 

X  rif?exp[-?(|/CJ-<y)l, 

where 

Ap  K, 

or 

1  r  4xp0K,r) 

'  4),pa^,  L  y  IK,I  iy) ' 

(31) 

Notice  that,  as  a  is  a  constant  vector,  equations  (24)  and 
(25)  show  that  Ap  and  A,  are  parallel  to  a.  Dotting  a  Into 
both  sides  of  (24)  and  (25)  and  letting  Ap-a-Ap  and 

A, »  a  *  A,,  we  obtain 

Substituting  A,  «  o>p  in  equation  (31).  we  express  Ap  as  an 
integral  over  ray-parameter  p.  Thus  equation  (31) 
represents  the  scalar  P-wave  potential  due  to  a  point-force 
in  a  2-D  elastic  medium 

(55  +  3t)/lp  +  8j/lp-  2)1  fic^' 

(26) 

5  REFLECTION  FROM  AN  IRREGULAR 
INTERFACE 

+  +  (27) 

which  are  the  scalar  wave  equations  for  the  P  and  S 
potentials.  In  order  to  solve  (26)  and  (27)  by  transform 
methods  we  first  determine  the  Founer  transform,  with 
respect  to  of  ln(r)/2;r.  Recall  that  ln(r)/2;r  is  the 
solution  of 

which  approaches  zero  as  r  goes  to  infinity.  Taking  a  Founer 
transform  in  x  yields 

which  gives  the  jr>transform  of  In  {r)lln  as 


!n  order  to  evaluate  reflections  from  a  curved  interface  (Fig. 
3),  we  follow  the  procedure  outlined  in  Frazer  &  Sen 
(1985).  The  surface  of  matenal  discontinuity  S  is  made 
coincident  with  a  part  of  the  surface  of  integration  such  that 
the  volume  V  contains  both  points  Xi  and  We  will  use 
equation  (4)  and  the  point  Xj  and  x^  used  m  equation  (4) 
will  be  replaced  by  x,  and  x,  respectively.  Now,  we  replace 
^1  by  its  equivalent  scattered  held  appeanng  to  emanate 
from  points  outside  volume  V.  Although  the  physical  source 
point  IS  inside  V,  the  virtual  source  region  i$  not  inside  V, 
and  so  none  of  the  assumptions  used  in  the  derivation  above 
IS  violated.  Thus  we  have 

(32) 


.  cxp(-|y,i|z|) 

^  -2IK.I 


(28) 


where  H  represents  the  modulus.  As  the  procedures  for 
solving  (26)  and  (27)  are  the  same  wc  consider  equation  (26) 
only.  We  take  a  Founer  transform  in  x  of  (26)  and  substitute 
for  the  Fourier  transform  of  In  (r)/2ar  the  expression  given 
in  the  nght-hand  $.de  of  equation  (28).  This  gives 


(^+)'H 

where 


I  cxp(-(^C,i|zi) 
"pa^  (-2IK.I) 


(29) 


We  know  that  Ihe  solution  of  (aj  +  Y^)<t>  “  i5(a)  is  given  by 
exp  (ly  tx})/(2iy)  Therefore,  the  solution  of  equation  (29)  is 
given  by  the  following  convolution 


A  _L  r  ,;««P(-|ffJ|x-CI)exp(iyi;i) 
•’  p«"J.  ^  (-2|ff.|)  (2iy) 


(30) 


Taking  the  inverse  Founer  transform  of  this  equation,  we 
obtain 


Ap(x,  z)  = 


^  (HqV) 


where  the  superscript  ‘r’  stands  for  the  reflected  held  at  the 
interface  and  the  subsenpts  ‘r*  and  *$*  for  the  receiver  and 
source  wavcficlds,  respectively.  The  symbol  ^,(x,)  repre¬ 
sents  the  held  reflected  from  measured  at  the  point  x,  due 
to  a  source  at  x. 

In  our  earlier  approach  we  assumed  that  the  wavefronts 
and  the  interface  are  locally  planar  and  used  the  plane  wave 
reflection  coeCficient  to  evaluate  the  scattered  held.  Here, 
we  will  make  assumptions  that  are  less  severe.  Both  the 
helds  and  0^  will  be  expressed  as  integrals  over  ray 
parameters  and  then  we  will  use  the  plane  wave  reheaion 
coefficient  to  express  the  rehected  held  at  the  interface 


I-'igitre  3,  PSPl  for  reflection  from  a  curved  interface 
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Thus,  the  wavefronts  are  actually  planar  although  the 
interfaces  are  assumed  to  be  locally  plane  ignonng  the 
interaction  of  the  waveheld  between  neighbouring  points  of 
the  interfaces.  At  the  interface,  the  incident  scalar  held  due 
to  an  explosion  source  (equation  20)  <p^  can  be  written  as 


exp  [l<uP*(Xi-X«)] 
(29.) 


where  P  is  the  slowness  vector,  is  the  vertical  slowness 
such  that  +  and  x,  is  a  point  on  the  interface 

Now  P  *s  (l/ar,)t?,  where  t?,  is  the  unit  vector  normal  to  the 
plane  wavefron».  Therefore, 

,,  V  <  f.  exp((iiB/ai)t?-(x,-)i.)| 

M 

In  order  to  calculate  the  reflected  field  at  point  X|,  we  apply 
Snell's  law  at  that  point.  For  each  plane  wave  appearing  in 
the  above  equation  we  calculate  the  angle  of  incidence  with 
respect  to  the  normal  n  at  X|  and  then  apply  Snell’s  law  to 
obtain  the  reflected  field,  Let  be  the  direction  of  the 
reflected  wavefleld;  then  following  Frazer  &  Sen  (1985),  we 
have 

'(1-2011) 

where  i  is  the  unit  dyadic  Thus,  the  reflected  held  on  the 
upper  surface  of  I  will  be  given  as 

,  <  f.  .  expRiM/a.Xf'Cx.-x,)! 

where  is  the  plane  wave  reflection  coefflcieni  (for 
potentials)  computed  for  the  local  slowness  at  the  interface. 
Also,  since  the  medium  is  homogeneous  above  the 
interface,  «  a^.  Tlie  incident  wavefleld  at  Xi  due  to  the 
receiver  can  be  wntten  as 

.  ,  ,  '  f  .  e*p((iM/»,)t,-(x,-x,)| 

- (1^) - ■ 

Therefore,  using  (32),  (35),  and  (36),  we  have 

’  (2jrp,«5)(2;ip,a{)  ’‘‘'{‘'f’'  (2q,)(2q,) 


(2<J.K29.) 


id) 

xexp  —  (ir’-(x,-x.)  +  l,-(x,-x.)|  ,  (37) 

'«1  ' 


in  (32)  and  follow  the  same  procedure  outlined  above  In 
order  to  denvc  the  equation  for  the  transmitted  field  at  the 
receiver  point  in  a  situation  where  x,  and  x^  are  separated  by 
a  material  discontinuity,  we  simply  replace  the  reflection 
coeflicient  term  in  (37)  with  its  associated  transmission 
coeffiaent  term  (Frazer  &  Sen  1985), 

6  MULTILAYERED  MEDIUM 

We  now  consider  a  medium  consisting  of  three  layers  as 
shown  in  Fig.  4.  We  wish  to  calculate  the  reflected  wavefleld 
at  the  receiver  at  point  x,  for  the  generalized  ray  path  shown 
by  the  dashed  line  in  the  flgure.  Different  parameters  and 
symbols  used  in  the  following  denvation  are  shown  in  Fig.  4 
The  denvation  is  earned  out  in  the  following  steps.  First  we 
write  the  incident  wave  field  at  xf  (the  upper  part  of  the 
interface  5t)  as 


ip,a\ 


exp  ((im/tti)[t,  ■  (x,  -  x,)l) 

(29.) 


Next,  to  calculate  the  field  at  x^  (the  lower  side  of  5i),  we 
transmit  each  plane  wave  given  by  the  above  equation  using 
the  local  Snell's  law  and  plane  wave  transmission 
coefficients  Wc  define  (Frazer  &  Sen  1985): 

l,«l-nn,  iT»  — 

‘*'1 


tjf  *»  (t^oa  +  V(1  -  o-jo^)  n 


Thus,  we  have 


exp|(to/tt,)l?f-(xi-x.)) 


where  PP|2  is  the  downward  looking  transmission  coefficient 
for  the  potential.  Next  wc  use  a  KH  surface  integral  over 
the  surface  5,  and  an  integral  over  ray^parameter  pi  (Fig.  4) 
to  compute  the  field  at  xf .  The  result  is 

'  ”  (2jfp,oi)(2;tP2(»^)  ’ 


<  |rfp.|^  dx,jdp,T,2 


exp  ■  (x,  -  x,)  +  P,  ■  (x;  -  X,))) 

(29.)(2fl,) 


=  (38) 

Equation  (37)  gives  the  reflected  wavefleld  at  the  receiver 
point  X,  in  terms  of  a  three  fold  integral.  Replacing  the 
integrals  over  p,  and  p^  with  their  stationary  phase  values, 
yields  the  CSPI  result.  Note  that  we  used  equation  (20)  to 
evaluate  th*'  source  wavefleld.  Therefore,  the  resulting 
equaiion  (37)  represents  the  PP  (displacement  potential) 
measured  at  the  receiver  point  due  to  an  explosion  source. 
The  integrals  for  P-S,  S-P  and  5-5  reflections  can  be 
derived  in  the  same  manner  and  need  not  be  given  here. 
The  expression  for  calculating  the  pressure  respr.ise  due  to 
an  explosion  source  in  an  acoustic  medium  wtll  be  very 
similar  to  equation  (37).  If,  however,  we  need  to  calculate 
the  PP  reflection  at  the  receiver  point  due  to  a 
unidirectional  point  force  at  we  need  to  substitute  (31)  for 


Figure  4.  PSPI  for  a  muluiaycred  medium 
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The  above  relations  hold  even  in  the  evanescent  regime  and 
by  subsliiution  (or  0,  in  the  expression  foi  Pi  and  q,  we 
obtain 
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F^tre  6.  Synthetic  seismograms  for  a  layer  over  halt-space  model  computed  (a)  by  a  single  ray-parameter  integral,  (b)  by  twolold  PSPI  (see 
text  for  details)  and  (c)  an  expanded  plot  of  singic-p  and  PSPI  seismograms  m  the  range  3  6-5  6  km  for  comparison  The  head  wave  is  marked 
by  a  dashed  line 


from  an  explosion  source)  from  the  interface,  recorded  at 
the  surface  receivers.  This  can  be  easily  evaluated  by  a 
single  ray-parameter  integral  (Aki  &  Richards  1980). 
Evaluating  this  by  means  of  a  PSPI  will  require  using  a 
threefold  integral  similar  to  the  one  given  by  equation  (37) 
Our  numencal  expenments  (Sen  &  Frazer  198$)  showed 
that  we  do  not  need  to  use  a  full  threefold  integral  and  that 
a  twofold  PSPI  gives  identical  results  We,  therefore,  used  a 
twofold  integral  obtained  by  replacing  the  receiver 
ray-parameter  integral  (p,)  by  its  equivalent  geometneal 
acoustics  Green’s  function.  In  Fig.  6(a),  we  show  the 
synthetic  seismograms  computed  by  using  a  single  p-integral 
for  this  model.  Similarly,  Fig  6(b)  shows  (he  profile 
computed  by  using  a  twofold  PSPI  Fig.  6(c)  shows  an 
expanded  plot  of  single-p  and  PSPI  seismograms  in  (he 
range  3.6-5  6  Km  for  better  comparison  The  match 
between  these  two  sets  of  synthetics  is  excellent  We  notice 
that  the  post-cntical  reflection  (both  amplitude  and  phase) 
and  head  waves  are  modelled  very  well  by  PSPI  This 
confums  the  accuracy  of  the  PSPI  formulation  for  (he  1-D 
model 


Next,  we  consider  a  two-layered  acoustic  medium  as 
shown  in  Fig  7(a)  In  this  example,  we  calculate  the 
pnmary  reflection  (pressure  response)  from  a  truncated 
reflector  The  source-receiver  geometry  is  shown  m  Fig 
7(a)  The  reflected  ray  path  shows  a  shadow  zone  beyond  a 
range  of  4  0  km  (p,  =  0  707skm“‘)  A  fairly  common 
mistake  is  to  calculate  the  response  for  this  model  as  a  single 
p-mtegral,  truncated  at  the  ray  parameter  corresponding  to 
the  ray  from  the  source  to  the  corner,  such  a  calculation  is 
shown  in  Fig  7(b)  We  also  evaluate  this  using  a  twofold 
PSPI  (Fig  7c)  and  a  fourth-order  acoustic  finite-difference 
algonthm  (Fig  7d)  The  free  surface  was  treated  as  an 
absorbing  boundary  for  the  finite  difference  calculation  and 
the  line  source  synthetics  were  convened  to  approximate 
point-source  solutions  (Vidale  &  Helmberger  1987)  The 
PSPI  models  the  diffractions  and  reflections  very  well  The 
match  of  amplitude,  phase  and  traveltime  is  excellent 
beu'‘'**en  the  PSPI  and  finite  difference  seismograms  As 
expected,  the  synthetics  shown  m  Fig  7(b)  computed  by  a 
single  ray-parameter  integral  are  m  erroi  For  example,  wc 
see  a  irunction  phase  arriving  with  a  phase  velocity  of 
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Flfure  7.  (a)  A  fault  model  and  the  source  >  receiver  geometry  (b) 
Synthetic  seismograms  computed  by  a  singie-p  integral.  Note  the 
truncation  phase  in  the  seismograms  (c)  Synthetic  seismograms 
computed  by  a  PSPI  (d)  Synthetic  seismograms  computed  by  a 
fourih*order  hnite  difference  code.  The  first  arnvals  at  ranges 
greater  than  4  km  m  the  finite*difference  seismograms  are  the  direct 
arnvals 

0.707  km  s~‘  instead  of  the  diffraction  branch.  Any  method 
based  on  a  single  p-mtegral  such  as  the  Gaussian  beam 
method  will  have  similar  errors  (George,  Vineux  & 
Madariaga  1987).  This  validates  the  usefulness  of  PSPI  over 
Gaussian  beam  or  WKBJ/Maslov  (Chapman  &  Drummond 
1982;  Frazer  &  Phinney  1980;  Maslov  1965)  methods. 
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8  DISCUSSION  AND  CONCLUSIONS 

In  this  paper  we  have  demonstrated  the  usefulness  of  the 
PSPI  method  over  other  ray-based  methods.  TTie  tangent 
plane  approximation  used  in  the  PSPI  is  more  accurate  than 
the  usual  tangent  plane  approximation,  since  the  wavefronts 
are  actually  planar,  although  the  interfaces  are  still 
assusmed  to  be  locally  plane.  The  use  of  ray-parameter 
integrals  in  the  KH  integrand  enables  us  to  include  classical 
head  waves,  although  the  head  waves  from  curved  interfaces 
are  onl/  approximate  and  the  whispering  gallery  head  waves 
will  not  be  included.  The  angles  of  inadence  are  allowed  to 
be  complex  and  thus  the  evanescent  regime  is  also  included. 
Although  the  full  PSPI  formulation  requires  evaluation  of  a 
senes  of  integrals,  a  careful  examination  of  the  Snell  rays 
often  enables  one  to  reduce  the  fold  by  replacing  many  of 
the  integrals  with  this  stationary  phase  point  values. 
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SUMMARY 

The  computation  of  exact  synthetic  seismograms  for  azimuthally  anisotropic  (AA) 
models  with  a  frequency-slowness  integration  method  requires  two  horizontal 
slowness  integrations.  However,  a  single  slowness  integration  that  is  exact  for 
azimuthally  isotropic  media  requires  much  less  computation  time,  and  has  therefore 
been  considered  for  the  AA  case  as  well.  As  a  single  slowness  integration  leads  to 
traveltime  and  ampliiudc  errors,  it  should  be  used  for  AA  media  only  if  these  errors 
are  negligible.  In  this  paper  we  discuss  the  errors,  and  outline  how  they  can  be 
estimated.  The  mam  contribution  to  the  single-integration  travcltime  error  comes 
from  incorrect  group  (ray)  velocities  in  the  single-integration  case  The  singlc- 
tntegration  group  velocities  arc  always  greater  than  or  equal  to  the  true  group 
velocities,  c.vusing  traveltimes  to  be  too  small.  If  there  are  cusps  in  the  group- 
velocity  siirf.ice,  not  only  may  the  traveltimes  be  wrong,  but  there  may  also  be 
arrivals  missing  from  the  seismograms.  In  layered  AA  media  a  minor  contribution  to 
the  singlc-mlcgration  error  arises  from  not  allowing  the  ray  to  leave  the  sagittal 
plane.  The  resulting  Iravcllime  error  is  opposite  in  sign,  but  much  smaller  than  the 
travcltime  error  caused  by  incorrect  group  velocities.  Amplitudes  may  be  incorrect 
even  though  traveltimes  ate  accurate.  However,  this  can  only  be  the  case  for  certain 
isolated  sagittal  planes,  such  as  symmetry  planes;  in  other  sagittal  planes  amplitude 
errors  and  iravellime  errors  go  together  To  decide  whether  smgle-integralion 
amplitudes  will  be  accurate  one  should  compute  the  stigitlal  velocity  curves  for 
single  and  double  integration  for  a  range  of  azimuths.  If  the  velocity  errors  arc 
insignificant,  then  the  amplitudes  will  be  accurate  for  all  sagittal  planes. 

Key  words;  azimuthal  anisotropy,  reflectivity,  seismic  modelling. 


INTRODUCTION 

This  paper  necessaiily  uses  many  special  terms  from  the 
area  of  seismic  amsoltopy  Winlcrstein  (1990)  gives 
definitions  of  all  these  terms,  as  well  as  a  good  introduction 
to  the  whole  subject  More  detailed  treatments  of  Ihe  theory 
have  been  given  by  Musgrave  (1970).  Auld  (1973)  and 
llelbig  (1991).  Auld  (1973)  is  much  easier  reading  than 
Musgrave  (1^0),  while  Helbig  (1991)  also  gives  material 
that  IS  of  special  interest  to  reflection  seismologists 
With  the  increasing  interest  in  seismic  anisotropy  in  recent 
years,  techniques  which  are  useful  for  Ihe  modelling  of  wave 
propagation  in  isotropic  media  have  been  extended  to 
anisotropic  media  Among  these  techniques  are  frequency- 
wavenumber  (or  frequency-slowness)  integration  methods 
such  as  Ihe  reflectivity  method  (Fuchs  &  Muller  1971, 
Kennell  1983),  recently  extended  to  azimuthally  anisotropic 


media  by  Mallick  &  Frazer  (1990, 1991),  The  mam 
advantage  of  rcflccliviiy  methods  is  that  they  compute  Ihe 
exact  wavefield  A  disadvantage  is  that  the  model  must  be 
siralified,  meaning  that  the  model  parameters  must  be 
independent  of  the  horizontal  coordinates  Other  methods 
that  do  not  require  stratified  models  either  compute  an 
^proximate  wavefield.  as  ray  theoretical  methods  (e.g  . 
Cerveny,  Mololkov  &  PlenClk  1977).  or  they  require  loo 
much  compulation  time  at  large  offsets  and  high 
frequencies,  as  finite  difference  and  finite  element 
techniques 

With  vector  computers  the  refleclivity  method  becomes 
very  efficient  for  isoliopiv  models,  and  even  models  with 
hundreds  of  layers  can  be  treated  This  is  because  it  is 
possible  to  take  advantage  of  the  cylindrical  symmetry  about 
the  vertical  axis  containing  the  source  If  cylindrical 
coordinates  are  used,  then  only  one  slowness  integration  is 
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required.  For  anisolropic  media,  however,  cyhndncal 
symmetry  only  exists  if  the  medium  is  transversely  isotropic 
with  a  vertical  symmetry  axis  (azimuthally  isotropic),  and  a 
single  slowness  integration  is  exact  only  m  this  case  In  all 
other  cases,  the  exact  solution  requires  two  slowness 
integrations  (Fryer  &  Frazer  1984,  1987,  Malhck  &  Frazer 
1990,  1991).  This  increases  the  computation  time  by  a  large 
factor  so  that  exact  modelling  studies  are  presently  feasible 
only  for  AA  models  with  at  most  a  few  tens  of  layers 
Booth  &  Crampm  (1983)  suggested  that  a  single 
integration  gives  results  that  are  a  good  approximation  for 
weak  anisotropy  Although  a  single  integration  has  been 
used  for  seismogram  synthesis  for  AA  media  since  then 
(e.g.  Crampm  1987)  it  remains  unclear  whether  this  usage  is 
a  justifiable  approximation.  The  main  advantage  of 
reflectivity  techniques  is,  as  mentioned  before,  the  exact 
computation  of  the  wavefleld.  Introducing  an  approximation 
such  as  single  integration  into  the  method  forfeits  this 
exactness  and  is  therefore  justifiable  only  if  the  error  can  be 
shown  to  be  so  small  that  single*integration  seismograms  are 
indistinguishable  from  doubie-intcgration  seismograms.  In 
this  paper  we  show  how  to  decide  for  a  given  model  whether 
single  integration  will  be  a  good  approximation. 


THEORY 


Consider  a  stratified  elastic  medium,  i  e.  a  structure  in 
which  the  clastic  properties  vary  only  with  depth  z  but  aic 
independent  of  the  horizontal  coordinates  r  and  <t>.  Let  this 
medium  be  composed  of  homogeneous  azimuthally  isotropic 
layers  At  any  depth  z  a  displacement  vector  fi(p„  m,  z,  oi) 
in  the  frequency-slowness  domain  can  be  calculated  by 
weil'known  techniques  such  as  the  Kennctt  algorithm 
(Kennett  1974,  Kennett  &  Kerry  1979),  and  the  vector 
u(r,  <p,  z,  /)  m  the  time-distance  domain  is  obtained  by  a 
Fourier-Hankei  transform  and  a  finite  Fourier  transform 
The  vertical  component  of  the  displacement  vector  becomes 
(Kennett  1983) 


«,(r.  z.  J  daiw^cxp(-(wO 

X  m,  z,  w)/„(wp,r) 


xexp  (iw0), 


(0 


where  denotes  the  Bessel  function  of  mth  order  Similar 
expressions  are  obtained  for  the  horizontal  components  For 
symmetry  reasons  the  summation  ran  be  restricted  to 
azimuthal  orders  ]m\  <  2  for  point  sources  consisting  of  force 
and  dipole  components  (Kennett  1983)  Here  cylindrical 
coordinates  a^e  used  m  order  to  take  advantage  of  the  axial 
symmetry  about  the  z-axis 

In  the  case  of  azimuthal  anisotropy  it  is  preferable  to  use 
Cartesian  coordinates  (Fryer  &  Frazer  1984,  Mallick  & 
Frazer  1990)  Then  the  Fouricr-Hankel  transform  of 
equation  (1)  is  replaced  by  a  3-D  Fourier  transform 

u(x,  y,  z,  tip^  ilp^  py,  z,  at) 

^exp{-io){t-p,x-p^y)]  (2) 


TTiis  equation  yields  exact  results  even  in  the  most  generar" 
case  of  tnchnic  symmetry  since  the  integration  is  earned  out 
for  both  horizontal  components  of  the  slowness  vector 

Equation  (1)  can  be  computed  much  faster  than  equation 
(2),  because  only  one  slowness  integration  is  performed 
Integrations  arc  earned  out  numerically  as  summations  If  a 
model  requires  the  computation  of  the  integrand  at  n 
(*'500)  values  of  p,  when  equation  (1)  is  used  then,  for  the 
same  model,  equation  (2)  will  require  the  computation  of 
(he  integrand  at  2rt  x2/i  values,  because,  first,  it  has  to  be 
computed  both  at  positive  and  at  negative  values,  and, 
second,  the  range  of  integration  should  be  the  same  m  p, 
and  Py  Numerical  expenments  have  shown  that  sometimes 
even  more  values  may  be  needed  in  the  double  integration, 
because  the  sampling  interval  6p  may  need  to  be  smaller  off 
(he  p^-axis,  than  on  it  A  smaller  sampling  interval  is 
equivalent  to  an  increased  number  of  slownesses  if  the  range 
of  integration  is  the  same. 

In  view  of  the  above,  we  would  like  to  use  equation  (1) 
for  AA  media  rather  than  equation  (2)  However  this  results 
in  errors  both  in  the  traveltimes  and  in  the  amplitudes  of 
vanous  arrivals  in  the  synthetic  seismograms  We  now 
discuss  these  errors,  and  show  how'  they  can  be  estimated 

Recall  that  tnc  elastic  behaviour  of  a  homogeneous  solid 
(c.g.  Musgrave  1970,  section  6  5)  can  be  dcscri^-'d  with 
reference  to  four  characteristic  threc'shccted  surfaces, 
which  can  all  be  constructed  from  each  other  as  shown  in 
Fig.  1  The  first  of  these  is  the  group-veloaiy  surface.  G, 
which  IS  the  locus  of  the  wavefront  at  unit  time  after  a 
disturbance  at  the  origin  The  group-velocity  surface  is 
sometimes  called  the  ray  surface,  the  ray-velocity  surface, 
the  wave  surface,  or  the  wavefront  surface  Note  that  we  use 
G  to  indicate  the  position  vector  of  a  particular  point  on  the 
group-vciocily  surface,  and  C  to  denote  the  surface  itself 
One  should  beware  of  the  notational  confusion  that  can 
arise  when  a  surface  such  as  G  is  given  in  the  form  of  a 
scalar  function  C(xi,  Xj,  x^)  =  0  for  then  of  course 
G(X|,X2,x^)  is  unequal  to  |G|.  the  length  of  G  For  this 
reason  we  always  denote  the  length  of  G  by  |G1 

The  second  important  surface  is  the  velocity  surface,  V 
As  shown  m  Fig  1,  the  point  Ve  V,  corresponding  to  the 


a 

G 


Figure  1.  Relations  between  the  four  surfaces  Corresponding 
position  vectors  on  the  group-velocity  surface  G,  the  (phase) 
velocity  surface  V,  the  group-slowness  surface  S^,  and  the  (phase) 
slowness  surface  Sv'  arc  labelled  G,  V,  and  Sv-,  respectively 
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point  G^G,  IS  the  point  where  a  straight  line  from  the 
origin  intersects  normally  the  plane  tangent  to  G  at  G. 
Accordingly,  V  is  called  the  pedal  point,  or  footpoint,  of  G 
and  the  surface  V  is  called  the  pedal  surface,  or  footpoint 
surface,  of  G.  One  constructs  G  from  V  by  drawing,  for 
each  V  6  V',  the  plane  through  the  endpoint  of  V  that  is 
norma!  to  V,  The  surface  G  is  the  caustic  or  envelope  of  all 
such  planes.  Accordingly,  the  surface  G  is  called  the 
envelope  of  the  surface  V,  The  velocity  surface  V  is 
sometimes  referred  to  as  the  normal  surface  or  the 
pha<e-vclocity  surface. 

•he  third  important  surface  is  the  slowness  surface.  Si, 
The  point  corresponding  to  the  point  V  is  given  by  the 
relation  =  V/lVj*.  In  other  words  S^  is  the  inverse  of  V 
in  the  unit  sphere,  as  shown  in  Fig.  1.  The  inverse  of  the 
pedal  of  a  surface  is  called  the  polar  reciprocal  of  that 
surface,  consequently  Sy/  is  the  polar  reciprocal  of  G.  The 
geometric  method  used  to  construct  V  from  G  and  Si,  from 
V  shows  that  corresponding  points  on  G  and  Sy  satisfy  the 
relation 

G-Sv.«l 

The  slowness  surface  is  sometimes  called  the  inverse  velocity 
surface  or  the  phase-slowness  surface 

The  fourth  surface  is  the  group^slowness  surface,  S^. 
Each  point  S<;  c  Sf,  is  the  pedal  of  its  corresponding  point 
Sv  €  5k  In  other  words  Sf,  is  constructed  from  Sy  in  exactly 
the  same  way  that  V  is  constructed  from  G.  As  Sf,  is  the 
pedal  of  Sy,  Sy  is  the  envelope  of  5,;.  It  follows  from  the 
definitions  of  V,  Sy  and  S^  that  the  surface  Sf,  can  also  be 
constructed  directly  from  G  by  inversion  in  the  unit  sphere. 
In  other  words,  the  point  €  Sf,  corresponding  to  the  point 
GeG  IS  given  by  the  relation  S^,  «G/IG|*.  As  So  is  the 
inverse  of  G,  and  Sy  is  the  envelope  of  So,  we  see  that  the 
polar  reciprocal  of  a  surface  is  the  envelope  of  the  inverse  of 
that  surface  The  group-slowness  surface  Sf,  is  sometimes 
called  the  ray-slowness  surface  or  the  inverse  wave  surface 
Notice  (hat  the  velocity  and  group-veloaty  surfaces  arc 
defined  in  a  velocity  space  with  Cartesian  coordinates  v^,  u,, 
and  Vf,  whereas  the  slowness  and  group-slowness  surfaces 
are  defined  m  a  slowness  space  with  Cartesian  coordinates 
p,.  py  and  Pf  due  to  the  different  dimensions  of  slowness 
and  velocity. 

Ilie  error  that  is  caused  by  the  single-integration 
approximation  is  most  easily  tieatcd  by  considering 
synthetic  seismograms  for  a  homogeneous  anisotropic 
whole-space  We  will  assume  that  both  the  source  and  (he 
receivers  are  located  in  the  x-z  plane  in  (he  Cartesian 
coordinate  system  of  equation  (2),  and  (hat,  with  respect  to 
(his  system,  the  cylindrical  coordinate  system  of  equation  (1) 
IS  oriented  so  that  the  azimuthal  coord.nate  <f>  is  zero  for 
both  source  and  receivers,  and  (hat  the  r-  and  the  z-axis  of 
the  cylindrical  system  are  parallel  to  the  x-  and  (he  z-axis, 
respectively,  of  the  Cartesian  system 

In  order  to  calculate  seismograms  from  equation  fl)  or 
It  IS  necessary  to  compute  the  integrand  as  a  function  of  the 
horizontal  components  of  the  slowness  vectr-.  The 
computation  of  the  integrand  involves  the  computation  of 
the  corresponding  vertical  components  of  the  slowness 
vectors,  which  are  obtained  as  the  eigenvalues  of  the  system 
matrix  (e.g  Fryer  &  Frazer  1984,  Frazer  &  Fryer  1989) 
When  double  integration  is  used,  this  computation  is  earned 


Figure  2.  (a)  View  of  Sy  down  the  p^-axis  Planes  parallel  to  the 
p^-axis  arc  tangent  to  5v  along  the  dashed  curse  The  dotted  curve 
is  the  intersection  of  wnh  the  py  -  0  plane,  (b)  Sagittal  section  of 
the  true  group-slowness  surface  Sq,  and  true  group-velocity  surface 
G  given  by  double  integration.  Single  integration  gives  'he  incorrect 
group  slowness  curve  5(;  and  group-velocity  curve  O'  Traveltimcs 
are  observed  along  a  radial  line  m  (b) 

out  for  an  array  of  values  {Pt,Py]  This  is  equivalent  to  the 
computation  of  the  whole  three-dimensional  slowness 
surface  Sy  Fig  2(a)  shows  one  sheet  of  5^  viewed  from  a 
direction  parallel  tc  the  p,-axis  The  direction  of  energy 
propagation  is  given  by  (lie  group-velocity  vector  G.  or  by 
the  group-slowness  vector  S^.  both  of  which  must  he  tn  the 
sagittal  plane  As  the  group-slowness  surface  S^  is  the  pedal 
of  the  slowness  surface  Sy,  eacn  point  of  5c.  can  be 
construe  -4  by  dropping  a  perpendicular  from  the  origin  to 
the  tangent  plane  at  the  corresponding  point  of  5^  The 
dashed  line  m  Fig  2(a)  shows  the  point  of  tangency  on  Sy, 
and  the  dashed  lines  in  Fig.  2(b)  show  the  corresponding 
cross-sections  of  5f,  and  G  through  the  sagittal  (py,  =  0) 
plane. 

For  a  single  in«<.^’ation  with  equation  (1)  only  slowness 
vectors  in  the  plane  py^Q  arc  calculated  and  the  slowness 
surface  Sy  is  aSiUi  -pd  to  be  axially  symmetric  about  the 
^,'axis  Then  the  ,oinls  of  tangency  on  5^  are  .assumed  to 
be  in  the  />y  =  0  plane,  along  the  dotted  line  in  Fig  2(a) 
The  sagittal  plane  sections  of  the  resulting  effective 
group-slowness  surface  S'(„  and  effective  group-velocity 
surface  G  ,  are  indicated  by  dotted  lines  in  Fig  2(b),  llie 
difference  m  length  between  the  vectors  So 
multiplied  by  the  distance  from  the  source  to  the  receiver, 
gives  the  difference  in  travellime  between  single  and  double 
integration  in  a  homogeneous  medium  Clearly  single- 
integration  traveitimes  will  always  be  greater  than  or  equal 
to  those  for  double  integration. 

In  the  foregoing  discussion  we  have  regaided  the  slowness 
surface  as  fundamental,  subject  to  the  provision  that  the 
observed  group-velocity  vector  must  he  in  the  sagittal  plane 
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I  Figure  3.  (a)  View  of  the  true  groupwcloctty  surface  G  down  the 

t>,<axi$  Planes  parallel  to  the  u^>axts  are  tangent  to  G  along  the 
dotted  curve.  TIjc  dashed  curve  is  the  intersection  of  G  with  the 
sagittal  plane  (b)  The  dashed  curve  is  the  sagittal  section  of  G 
given  by  double  integration  Single  integration  gives  the  incorrect 
sagittal  section  6'  Often  G  has  cusps  and  then  the  sagittal  sections 
of  G  and  G‘  are  much  more  complicated. 


« i 


An  alternative  way  of  understanding  the  difference  between 
single  and  double  integration  is  to  begin  with  the 
gfoupwclocily  surface  G,  as  shown  in  Fig.  3(a).  The 
intersection  of  G  with  the  sagittal  plane  » 0  gives  the 
groupwelocity  curve  for  double  integration,  shown  dashed 
in  Fig.  3(b).  Now  recall  that,  for  single  integration, 
traveltimes  are  the  same  for  a  point  source  as  for  a  l«  ,e 
source  along  the  y^axis  The  groupwelocity  surface  for  such 
a  line  source  is  the  cylinder  generated  by  translation  of  G 
parallel  to  the  v^*axis.  For  a  point  source,  the  group-vcioaty 
surface  given  by  single  integration  is  therefore  generated  by 
rotating  the  «  0  section  of  this  cylinder  about  the  u^-axis 
The  intersection  of  the  linc'scurce  group-velocity  cylinder 
with  the  plane  is  the  dotted  curve  labelled  G'  in 

Fig.  3(b),  this  IS  the  group-velocity  curve  for  single 
integration  Like  Fig  2,  Fig.  3  shows  clearly  that  traveltimes 
for  a  single  integration  will  always  be  greater  than  or  equal 
to  those  for  a  double  integration.  Note  that  the  true  G  very 
often  has  cusps  Then  the  sagittal  sections  of  G  and  G'  will 
be  much  more  complicated,  and  different  in  shape,  than  is 
the  case  in  Fig  3(b)  A  numerical  example  of  such  a  case  is 
given  later 

In  order  to  get  the  velocities  that  represent  single  and 
double  integration  as  functions  of  the  direction,  we  must 
compute  the  sagittal  sections  of  G  and  G'  For  reference 
below  we  denote  the  sagittal  section  of  the  /th  sheet  of  G  by 
and  we  denote  the  sagittal  section  of  the  /th  sheet  of  G' 
by  To  find  we  generate  C  from  V  as  described  by 
Musgrave  (1970)  His  equation  (7  4  10)  gives  Cartesian 
coordinates  for  the  point  on  the  ylh  sheet  of  G 
corresponding  to  the  point  on  the  ;lh  sheet  of  V,  specified 


by  direction  cosines 


where  summation  is  implied  only  over  the  subset, pt  k  The 
curves  ^  are  obtained  by  computing  a  sufficiently  dense  set 
of  points  and  finding  those  points  with  I2  “  0- 

As  Musgrave  did  not  define  all  the  terms  in  equation  (3) 
we  ^ve  the  definitions  here.  All  quantifies  are  defined  with 
reference  to  the  symmetric  3x3  Chnstoffel  matrix 
given  by 

r.,= 

in  which  is  the  fourth-order  tensor  of  elastic  stiffness 
coefficients  Tlie  quantity  is  the  positive  square  root  of 
the  /th  eigenvalue  of  the  matrix  p~'Tay  where  p  is  the  mass 
density;  it  is  also  the  distance  from  the  origin  to  the  ;th  sheet 
of  V  in  the  direction  of  The  quantity  is  the  klh 
component  of  the  /th  eigenvector  of  p'^r^y,  1  e  the  /th 
polarization  vector.  In  equation  (3)  the  polarization  vectors 
are  assumed  to  have  been  normalized  to  unit  amplitude  so 
that  1  for /o  I,  2, 3  The  quantity  A*  is  given, 

for  k  g  1, 2, 3,  by  The  at  are  given  by 

«. ..  vf^r.i/r,,,  aj-vriiFsi/rj,,  and 
y/tiiTn/Tii.  The  relations  for  the  A*  and  o'*  were  obtained 
by  noting  that  any  symmetric  3x3  matrix  T  can  be  written 
in  terms  of  a  vector  a  and  a  vector  A  as 

r  ■  00''  +  diag  (A,  -  <t],  A2  -  ^2,  Aj,  -  nrj). 

and  then  solving  for  the  At  and  the  in  terms  of  the 
components  of  T. 

The  curves  are  obtained  by  evaluating  equations  (3) 
for  G  along  all  directions  (n,.  0.  rti)  Note  that  Ijo)  not 
evaluated  but  set  to  zero,  it  must  vanish  identically  because 
the  effective  single-integration  velocity  surface  is  axially 
symmetric  about  the  vertical  In  homogeneous  media  the 
curves  ^  and  permit  the  errors  in  travellimc  that  result 
from  single  integration  to  be  calculated  exactly  for  all  three 
wave  types  propagating  in  any  direction  Tlie  error  i:> 
where  f  denotes  the  length  of  the  ray 
path  and  19/1  and  |9^|  are  the  distances  from  the  origin  to 
the  points  on  the  cuives  9^  and  9/.  respectively,  along  the 
same  straight  ray. 

Synthetic  seismograms  computed  with  a  single  integration 
may  also  give  wrong  amplitudes  The  amplitude  of  a  wave 
propagating  in  a  particular  direction  is  a  function  of  the 
Gaussian  curvature  of  the  slowness  surface  at  the  point 
related  to  this  direction  of  propagation  (Lighthill  1960) 
Single  integration  will  introduce  an  error  in  both  the 
location  of  this  point  on  the  slowness  surface  and  in  the 
Gaussian  curvature.  As  we  know  how  to  estimate  the 
traveltime  error  we  would  like  some  assurance  that  the 
amplitude  error  will  be  sufficiently  small  when  the  traveltimc 
error  is  found  to  be  sufficiently  smal.  We  showed  above  that 
the  tiavellime  error  depends  on  the  group  velocities  19/1  and 
l^^l  Also,  when  the  difference  between  19/t  and  |^|  m 
some  direction  is  small,  the  slowness  vector  for  double 
integration  that  is  related  to  wave  propagation  in  this 
particular  direction  has  a  negligible  p^-component  le  it  lies 
in  the  sagittal  plane,  and  the  slowness  surfaa*  intersects  the 
sagittal  plane  at  nearly  a  right  angle  at  this  point  Therefore 
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the  slowness  vectors  for  double  and  single  integration  will  be 
almost  identical  If  this  holds  for  every  direction  in  the 
sagittal  plane  then  the  normal  vectors  to  both  the  slowness 
surface  and  the  group-velocity  surface  at  every  point  on  the 
curves  ^  he  in  the  sagittal  plane,  and  the  lowness  vectors 
for  double  and  s>  igle  integration  are  almost  identical  for 
waves  propagating  :n  every  direction  in  the  sagittal  plane. 

The  Gaussian  curvature,  however,  Muld  still  be  wrong  in 
the  single*integratior.  case.  For  example,  if  the  sagittal  plane 
IS  a  symmetry  plane  of  the  medium,  then  the  curves  and 
^  coincide  exactly,  but  the  curvatures  of  their  respective 
slowness  surfaces  may  be  very  different.  However,  if  we 
compute  the  curves  ^  and  ^  for  a  series  of  sagittal  planes 
at  increasing  azimuths,  and  we  hnd  that  ^  and  ^  matdi  at 
'  each  azimuth,  then  we  can  conclude  that  the  group*veIocity 
surface  and,  thus,  the  slowness  surface  is  nearly  axially 
“  symmetric,  hence,  the  amplitudes  obtained  by  single 
integration  will  be  accurate.  If  the  slowness  surface  w,\$  not 
nearly  axially  symmetric  it  would  not  intersect  all  of  these 
diffeient  sagittal  planes  at  right  angles  and,  hence,  the 
p^-components  of  the  slowness  vectors  related  to  the 
group'velocity  vectors  in  these  sagittal  planes  would  not  be 
nearly  zero  everywhere,  Then  the  curves  ^  and  would 
also  differ  from  each  other.  The  fact  that  the  amplitudes  are 
accurate  for  single  integration  if  the  curves  and  ^  match 
for  a  scries  of  increasing  azimuths  has  been  confirmed  by 
our  numerical  experiments,  an  example  of  which  is  given 
below. 

llie  above  discussion  suggests  the  following  method  for 
determining  whether  single  integration  gives  the  correct 
amplitudes.  Compute  the  curves  ^  and  ^  'or  a  senes  of 
increasing  azimuths.  If  these  curves  match  for  all  azimuths 
then  the  amplitudes  will  be  correct  for  all  azimuths,  too.  In 
multilayer  models  this  condition  must  hold  for  all 
anisotiopic  layers. 

MULTILAYER  MODELS 

So  far  we  have  assumed  that  the  waves  propagate  in  an 
homogeneous  whole*spacc,  so  that  the  ray  paths  are  always 
straight  lines.  In  layered  media  the  rays  will  change  their 
directions  due  to  rcHection  and  transmission  In  AA  media 
this  will  generally  make  the  rays  leave  the  sagittal  plane 
Double  integration  automatically  incorporates  this  effect, 
white,  as  we  have  seen,  single  integration  forces  the  ray  to 
remain  in  the  sagittal  plane  This  is  illustrated  m  Fig  4  for 
the  case  of  (wo  anisotropic  half-spaces  with  a  source  located 
in  the  lower  halfspace  and  a  receiver  located  in  the  upper 
one.  Fig  4(a)  shows  (he  projection  of  the  ray  paths  onto  the 
xz-plane,  and  Fig  4(b)  shows  their  projections  onto  the 
xy-plane.  We  call  the  actual  ray  path  P*’  and  the  single 
,  integration  ray  path  P^. 

j  To  quantify  completely  the  difference  m  (raveltime 
;  between  single  and  double  integration  in  a  layered  medium 
j  It  will  be  necessary  to  trace  rays  However,  we  can  use 
I  Fermat’s  pnnciple  to  infer  that  the  traveltime  effect  of  the 

‘  departure  from  the  sagittal  plane  is  opposite  in  sign  to  the 

I  (raveltime  effect  of  (he  velocity  change  and  much  smaller 
Although  Fermat's  principle  is  usually  applied  to  perturba¬ 
tions  in  the  spatial  structure  of  velocity  it  is  equally 
.ipplicable  to  perturbations  in  (he  directional  structure  of 
velocity  In  the  present  case  we  consider  (he  (hree 


PROJECTION  OF  RAY  PATH  ONTO 


y  P^lsingle  mtegrotion) 


Figure  4.  Schematic  illustration  of  the  projection  of  a  ray  path  onto 
the  x-r-planc  (a)  and  onto  the  x-y  plane  (b)  The  double 
inlcgiaiion  ray  path  is  marked  as  /’*’  and  the  single  integration  ray 
path  as  P*  The  projecuon  of  P*’  onto  the  x->’-plane  is  a  straight 
line 


traveltimcs  f(P‘’.  G),  (he  travcUime  over  (he  path  P‘’  using 
(he  true  group-velocity  structure,  f(P^.  C).  the  iravcllime 
over  the  path  P^  using  the  true  group-velocity  structure,  and 
r(P^,G'),  the  iravcltimc  over  the  path  P**  using  the  single- 
integration  group-velocity  structure  C'  Fermat's  principle 
states  (hat  the  lime  difference  due  to  path. 

(6/),.«^(P^G)-/(P‘^C) 

IS  of  second  order  m  the  perturbation  G-'*G'  whereas  the 
time  difference  due  to  velocity. 

((5/)«*>/(P^C')-r(P^G) 

IS  of  first  order  m  the  perturbation  G  -*0'  Notice  that  if 
IS  a  minimum  lime  path  (the  usual  case),  then  (6/)/.  must 
be  positive.  Furthermore,  we  have  seen  that  the  sagittal 
section  of  G  is  always  interior  to  the  sagittal  section  of  G', 
which  means  that  (dr)f,  must  be  negative  As  (d/)/.  is 
opposite  in  sign  to  the  total  time  difference. 

*=  01),.  +  (6r),, 

must  be  bounded  below  by  (P/J^,  Except  for  maximum  time 
phases,  which  arc  uncommon  m  reflection  work,  double- 
intcgration  travcltimes  will  always  be  greater  than  or  equal 
to  smgle-mtegradon  traveltimes.  and  we  can  estimate  a  limit 
for  (he  (raveUime  error  by  ignoring  the  departure  of  the  ray 
from  the  sagittal  plane 

For  a  given  multilayer  earth  model,  and  .t  given 
source-receiver  geometry  how  tan  one  decide  m  advance 
whether  or  not  a  single  slowness  integration  is  sufficientlv 
accurate‘s  Using  the  principles  discussed  above  one  tan 
invent  numerous  methods  for  making  this  decision  we 
outline  two  such  methods  here 
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For  the  first  method,  begin  by  generating  sagittal  group 
velocity  curves  and  for  each  layer  of  the  model  For 
the  arrival  of  interest  let  p  be  the  horizontal  component  of 
phase  slowness  in  the  sagittal  plane,  i  e  the  jc-componcnt. 
and  let  0  and  i)  be  the  sagittal  single-  and 
double-integration  group-veloaty  curves,  rc^ctivcly,  for 
layer  i.  Next,  using  the  ^'{p,  0»  trace  rays  from  the  sour<» 
to  the  receiver.  This  is  most  simply  done  by  a  shooting 
method,  as  follows  (1)  pick  a  p,  (2)  trace  the  ray  of 
slowness  p  by  noting  that  in  layer  t  the  tangent  to  the  ray  ts 
^{p,  t)/\^(p,  01  and  that  p  is  preserved  dunng  reflection 
and  transmission,  (3)  if  the  ray  passes  through  the  receiver 
depth  before  (after)  the  receiver  then  increase  (decrease)  p 
and  shoot  again.  A  ray  path  found  in  this  way  is  a 
single-integration  ray  path.  To  get  a  bound  for  the 
traveltime  error  use  Fermat's  principle  in  accordance  with 
the  discussion  above;  integrate  the  quantity  1/|^^ 

along  the  ray.  If  the  error  is  less  than  one  eighth  of  the 
shortest  period  in  the  source  wavelet  then  single  integration 
will  give  excellent  traveltimcs.  This  method  has  the 
advantage  that  explicit  generation  of  the  curves  $  and  ^ 
reveals  whether  9  has  cusps  that  arc  not  present  in  Later 
we  show  an  example  of  a  traveltime  computation  using  this 
method. 

The  second  method  consists  of  rapidly  calculating  exact 
traveltimes  for  both  single  and  double  integration  usi'g 
subroutines  already  present  in  the  reflectivity  code  For 
simplicity,  suppose  we  arc  interested  in  the  traveltime  of 
the  P'-P  reflection  from  a  layer  at  depth  z.  for  a  surface 
source  and  a  surface  receiver  First  we  compute  the 
double-integration  traveltimes  Here  it  is  convenient  to 
denote  the  j: -component  of  slowness  by  p.  the  y-component 
of  slowness  by  q,  the  vertical  component  of  slowness  for  a 
downgoing  wave  by  and  the  vertical  slowness  of  an 
upgoing  wave  by  Wc  also  use  p  to  denote  the  horizontal 
projection  of  the  slowness  sector,  thus  p“(p.  q).  In  this 
notation  the  traveltime  of  a  plane  wave  of  slowness  p  is 
given  by 

F(p)«p-x  +  t(p). 
in  which  r(p)  is  given  b> 


'(p)  ■=  f  ‘'C  ( ^‘'(p.  C)  -  v'"(p.  01-2  lv’,''(p)  -  v>"(p)|2, 

Jo  / 


Here  nrf,  and  z,  are  the  vertical  slownesses  and 
thickness,  respectively,  of  the  /th  kiycr  m  the  stack  of  laveiv 
above  depth  z 

Group  arrivals  are  given  by  the  condition 


£1= 

ap 


0 


With  our  choice  of  coordinate  axes  the  sagittal  plane  is  the 
y  =■  0  plane,  so  this  condition  becomes  the  two  equations 


0  = 

dp 


and 


dx 


dq 


Numerically,  our  task  is  to  find  the  points  p*,  at  whicl 
these  equations  are  satisfied  for  a  given  sequence  of  sagitta 
receiver  positions  (x„  0)  Then  the  double-integratioi 
traveltimes  will  be  given  by 

Xi(x,)  =  Xip,i+r(f,i)  (4 

To  do  this  we  first  compute  r  over  a  dense  gnd  oi  point 
tbc  vicinity  of  the  p-axis  By  numerica 
differentiation  wc  also  generate  dxjdp  and  dxtdq  on  . 
similar  gnd.  Then,  for  each  fixed  p^,  we  search  in  th^ 
q-dircction,  as  shown  m  Fig  5.  to  find  the  point  ^(p*,)  a 
which  dxldq-li.  This  sequence  [Pk^qiPk))  samples  th 
contour  m  the  p-plane  along  which  dxjdq  ~  0  For  eaci 
point  in  the  sequence  {p^,  q{pk)}  we  have  an  t(pi)  givci 
by 

dx 

x(pi)  =  -—[pk,q(pt)\ 

Interpolating  in  the  derived  sequence  (pt,x(p*)}  gives  th 
values  p^i  associated  with  the  given  receiver  positions  x 
Interpolation  also  gives  the  values  q„,  and  the  value 
r*,(p,/,  q,j)  needed  to  compute  the  traveltime  b 
equation  (4) 

To  compute  the  single-integration  traveltimes  th 
procedure  is  similar,  except  that  the  contour  on  whic 
dxldq^a  IS  replaced  by  the  p-axis.  From  the  doublt 
integration  procedure  wc  already  have  values  of  x  an 
dxidp  over  a  grid  in  the  p*plane  On  the  line  of  that  gn 
which  coincides  with  the  p-axis.  wc  have  the  sequeni 
iPk'^iPk)}  where  r(Pi) » -{3r/5p)(pA,  0)  We  interpi 
late  in  this  sequence  to  find  the  points  p*,  corresponding  i 
the  given  receiver  locations  and  the  values  t(p*,,  < 
needed  to  compute  the  single-integration  traveltime  I 
F»(x,)  +  r(p,^.  0).  Note  that  p*,  has  a  diffcrei 

meaning  in  the  smglc-iniegration  and  double-intcgratu 
cases  Tlic  traveltime  error  is  given  by  the  differem 
T^iXi)-  T^{x,)  In  most  cases,  computation  of  the  traveliin 
errors  will  be  several  ordeis  of  magnitude  faster  ih< 


Pk-I  Pk  Pk+l  P 


figure  5.  Compuuuon  of  double  integration  traveltimes  prior 
computing  s>nthetics  ihe  solid  line  is'  the  contour  along  wt 
5r/5^=0,  pcinis  indicated  by  'x'  sample  this  conn 
Interpolation  ^ives  the  points  indicated  b>  '©  which  art 
horizontal  slowicsscs  p,,  of  group  arrivals  at  given  rctti 
UKations  (r,  (I)  for  single-integration  traveltimes  no  scare! 
made  for  the  cont  >ut  on  vshich  dx/dq  vanishes  instead  dx/d> 
assumed  to  vanish  on  the  p-axis 
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computation  of  the  synthetic  seismograms  by  double 
integration. 

NUMERICAL  EXAMPLES 
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To  illustrate  the  effects  discussed  above  we  have  computed 
synthetic  seismograms  for  some  anisotropic  models  All  the 
seismograms  have  been  computed  with  the  ANIVEC^ 
program  of  Mallick  &  Frazer  (1990) 

Our  first  mode!  is  an  anisotropic  whole-space  The 
materia!  iS  transversely  isotropic  with  a  horizontal  symmetry 
axis  This  symmetry  might  result  from  an  isotropic 
background  matenal  containing  vertically  aligned  cracks  or 
fractures  (Hudson  1981;  Schoenberg  &  Douma  1988)  The 
elastic  stiffnesses  are  those  of  medium  1  m  Table  1  We 
chose  a  material  of  rather  high  anisotropy  in  order  to 
illustrate  the  effect  more  clearly.  In  the  vertical  plane 
containing  the  symmetry  axis  the  group-velocity  curves  % 
and  arc  identical.  In  a  vertical  plane  at  an  angle  of  45*  to 
the  symmetry  axis,  the  sagittal  group-velocity  curves 
(Fig.  6b)  differ  from  the  curves  (Fig  6a).  1110  greatest 
difference  is  for  the  P-wave,  because  its  group-velocity 
surface  deviates  most  from  axial  symmetry  about  the  vertical 
axis  This  difference  is  greatest  for  horizontal  paths.  For  the 
faster  5-wavc  the  difference  is  considerably  smaller,  and 
there  is  no  difference  for  the  slower  5-wave,  due  to  the  axial 
symmetry  of  its  group-velocity  surface. 

Fiom  these  curves  we  computed  travcUimcs  for  the 
source-receiver  configuration  shown  in  Fig.  7  The  receivers 
are  located  1000  m  above  the  source,  and  the  honzontal 
offsets  extend  from  100  to  2000  m  with  a  spacing  of  100  m 


Table  1.  Elamc  stiffnesses  fur  (he  materials  used  in  our  modelling 
rhe  stiffnesses  are  given  in  condensed  notation  They  .‘ire  sps-oficd 
in  a  coordinate  system  in  which  the  x-axis  is  the  symmetry  axis  The 


HORIZONTAL  VELOCITIES  (km/s) 


l-tgure  6.  Curves  ^,fa)  and  'i^'(b)  for  medium  1  in  Table  I,  in  a 
vertical  plane  at  an  angle  of  45“  to  the  vertical  symmetry  planes 
The  grcaiesl  difference  between  and  occurs  m  ihc  horizontal 
direction  for  the  P-wavc 


The  traveJtime  plots  (Fig  8)  show  the  arrival  times  expected 
for  synthetic  seismograms  computed  wuh  double  and  single 
integration.  We  expect  single-integration  arrival  times  that 
are  too  small  at  larger  offsets,  especially  for  the  F-wave 
Figs  9(a)  and  (b)  show  the  synthetic  x-component  motions 


j - 2000m - ( 


j  RECEIVERS 

£ 


1  .SOURCE 

Figure  7.  Source-receiver  geometry  for  the  compuialions  of  Fig  8 
and  9 


134 


B  Nolle,  L.  N.  Frazer  and  S.  Maltick 


DISTANCE  (km) 

0  1.0  2.0 


’  Igure  8,  Timc~<listance  diagrams  for  ihc  double-  and  the 
smglc-mtcgration  seismograms  The  diagrams  are  calculated  from 
the  curves  in  Fig  6  and  the  source-receiver  gcomcif  m  Fig  7  At 
higher  offsets  the  differences  become  quite  large  foi  the  F-wave, 
due  to  the  ncar*horizontal  incidence  and  the  longer  ray  paths 

computed  by  double  and  single  integration,  respectively 
The  source  was  a  point  force  source  m  the  a -direction  The 
source  spectrum  was  a  Hanning  window  between  10  and 
80 Hz  Ttie  ainval  times  match  those  of  Fig  8  exactly,  as 
expected 

Our  second  model  is  also  a  transversely  isotropic  medium 
with  a  horizontal  symmetry  axis,  but  for  this  model  the 
group*vclocity  surface  has  cusps  The  clastic  stiffnesses  arc 
those  of  medium  2  in  Table  I  Fig  10  shows  the 


group-velocity  curves  in  the  vertical  plane  containing  the 
symmetry  axis  Notice  the  cusps  in  the  curve  for  the  faster 
5-wavc  Fig  11  shows  the  group-velocity  curves  and  sn 
a  vertical  plane  at  an  angle  of  45*  to  the  symmetry  axis  At 
higher  incidence  angles  one  of  the  curves  shows  a  branch 
that  IS  missing  m  the  corresponding  curve  ^  Fig  12  shows 
the  traveitime  curves  for  this  medium  with  a  source'rc<«ivcr 
configuration  similar  to  that  of  Fig  7,  except  that  for  Fig  12 
the  source-receiver  offsets  extend  up  to  3000  m  In  the 
double-integration  case,  shown  m  Fig  12(a),  there  is  an 
arnval,  due  to  the  cusps,  which  is  the  second  arrival  at  large 
offsets.  This  arrival  is  missing  in  the  single-integration  case. 

For  medium  2  we  also  computed  synthetic  seismograms 
for  a  source  oriented  in  the  y-direction  Fig.  13  shows  the 
>*-componcnls  of  motion  for  double  and  single  integration 
As  expected,  the  arrival  that  onginatcs  from  the  cusp  is 
present  in  the  double-integration  seismograms  but  absent 
from  the  single-integration  seismograms,  and  the  arrival 
limes  match  those  predicted  in  Fig  12.  The  P-wave  is  not 
evident  in  these  seismograms,  because  its  amplitude  on  the 
y-component  is  so  much  weaker  than  those  of  the  5-wavcs 
Figs  12  and  13  make  it  clear  that  single  integration  should 
never  be  used  in  off-symmetry  planes  for  media  with  cusps 
in  the  group-velocity  surface  Now  we  will  show  that  it 
should  be  avoided  in  symmetry  planes,  as  well 

We  again  i.omputed  seismograms  for  medium  2  m  Table 
1.  but  this  '^me  we  placed  the  source  and  the  receivers  in  the 
vertical  plane  containing  the  symmetry  axis,  so  that  the 
curves  a''  j  ^  are  identical  Fig  14  shows  the  double-  and 
single-integration  z-componenl  seismograms  for  a  source 
oriented  in  the  x-direclion  The  arrival  times  of  the  double 
and  single  integration  arc  identical,  as  ''xpected  However, 
single  integration  gives  wrong  amplitudes  for  the  5-wave 
sheet  of  the  group-velocity  surface  containing  the  cusps 
(This  IS  the  only  5-wdve  that  appears  m  the  seismogram 
The  other  5-wave  is  polarized  m  the  y-direction  )  At  offsets 
less  than  the  offset  at  which  the  arrival  from  the  cusp  begins, 
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Hgure  9.  S>nlh(.’lic  ,ei.mogtam.  lot  the  same  niottci  u,ed  in  Fig  8  Ihe  Mjittee  was  utientsd  in  ihs  .  diresitun,  and  the  i  suniix’iKnl  is  shown 
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Figure  10.  Group  velooty  curves  for  medium  2  in  Table  I.  for 
propagation  m  the  vertical  plane  that  contains  the  symmetry  axis 
'Hie  picture  represents  both  ^  and  since  these  curves  arc 
identical  m  symmetry  planes 

the  singlC'inifgration  amplitudes  arc  too  low,  and  at  higher 
offsets  they  arc  too  large.  This  computation  illustrates  our 
earlier  remarks  to  the  effect  that  if  the  sagittal  plane  is  near 
a  symmetry  plane  (hen  amplitudes  may  be  wrong  even 
though  traveitimes  are  correct  Therefore  single  integration 
should  never  be  used  for  seismogram  synthesis  for  strongly 
anisotropic  media,  even  if  the  sagittal  plane  is  a  symmetry 
plane. 

Next,  we  show  an  example  of  v,eak  anisotropy  We 


choose  a  model  that  will  give  accurate  single-integration 
traveitimes,  and  we  demonstrate  how  to  verify  that  the 
amplitudes  are  accurate,  as  v  ell  The  elastic  stiffnesses  are 
those  of  medium  3  in  Table  1  Note  that  they  are  identical  to 
those  of  medium  2,  with  the  exception  of  and  Cfy(,  whose 
values  have  been  changed  from  6  58  x  10'*  N  to 
8  70xl0‘*Nm”^  which  is  closer  to  the  value  of  9  80x 
10’ Nm”^  that  would  make  the  medium  isotropic  The 
group-velocity  surface  for  this  medium  does  not  have  cusps 
The  group-velocity  curves  and  for  double  and  single 
integration  are  shown  m  Figs  I5(a)-(c)  for  three 
off-symmetry  planes  at  different  azimuths  to  the  vertical 
symmetry  plane  orthogonal  to  the  symmetry  axis  TTicse 
azimuths  are  (a)  15®,  (b)  30®,  and  (c)  45®  For  all  azimuths 
the  difference  between  the  curves  and  ^  is  negligible 
This  IS  also  true  for  other  azimuths  (not  shown  here)  which 
leads  us  to  expect  that  we  will  obtain  accurate  amplitudes 
with  a  single  integration,  for  sagittal  planes  at  any  azimuth 
In  Figs  16  and  17  we  show  double-  and  single-integration 
seismograms  for  two  planes.  One  is  the  symmetry  plane 
containing  the  symmetry  axis  (Figs  I6a  and  b)  The  second 
one  IS  a  plane  at  an  angle  of  30*  to  the  first  plane  (Figs  17a 
and  b).  I'he  source-receiver  geometry  is  that  of  Fig  7  The 
seismograms  show  z-motion  for  a  source  oriented  in  the 
x-dircction  At  both  azimuths,  amplitudes  and  traveitimes 
arc  accurate  for  single  integration,  .is  expected  Our 
numerical  experiments  (not  a!)  of  which  are  shown  here) 
confirm  ih.it  the  .impliludc  error  is  negligible  if  the 
travcltimc  error  is  negligible  Fven  in  the  seismograms  in 
Figs  9(a)  and  (b).  where  here  is  a  consideiable  travcltimc 
error,  the  amplitude  error  is  very  small 
For  our  last  model  we  chose  a  material  similar  to  medium 
1,  but  we  introduced  a  five-layer  gradient  /xme  between  the 
source  and  the  receivers  to  make  iht  lays  leave  the  sagittal 
plane  At  the  receiver  level  the  stiffnesses  are  those  ol 
medium  1  and  at  the  source  level  the  elastic  stiffnesses  arc 
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Figure  11.  Group  velocity  curves  for  the  same  mateiial  as  in  Fig  lU,  but  hvrt  tor  piopagaiion  iii  a  pla.K  at  4S  with  ihc  >vmnKii\  \i 

direclions  that  are  close  to  the  horizontal,  the  curves  '6,  in  (a)  show  branches  ihat  are  not  pi<.H.nt  m  the  i>',  m  (h) 
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Figure  12.  Traveltimes  calculated  from  the  curves  in  Fig  11  for  a  geometry  as  in  Fig  7.  but  with  horizontal  offsets  up  to  3000m  At  large 
offsets  an  arrival  is  present  in  the  doubtc*tntegration  plots  (a)  that  is  absent  from  the  single-integration  plots  (b) 


those  of  medium  4.  given  in  Table  1.  The  clastic  stiftnesscs 
of  the  layers  in  the  gradient  zone  were  obtained  by  linear 
interpolation  between  the  stiffnesses  of  the  upper  and  lower 
half'Spaces.  The  anisotropy  decreases  with  depth  and 
therefore  increases  from  source  to  receiver  level.  The 
seismograms  for  this  model  are  shown  in  Fig.  18.  The  source 
and  the  receivers  arc  oriented  in  the  jr^direction.  As 


expected,  the  arrival  times  in  the  single-integration 
seismograms  are  still  too  small,  because,  as  shown  above, 
the  travcltime  error  introduced  by  neglecting  the  departure 
of  a  ray  from  the  sagittal  plane  is  much  smaller  than  the 
travcltime  error  caused  by  the  use  of  incorrect  group 
velocities 

We  computed  travcllimes  for  this  model  (Fig  19), 
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Figure  13.  Synlhetic  seismograms  lor  the  S4mc  model  js  in  Fig  U  Ihc  ssiurcs  wjis  oranitd  in  the  >  dnc<.iion  and  tht  i  ^onipoeni  ib  shown 
here  P  wases  are  not  visible  because  their  .implitudcs  arc  rdalivels  small  fhe  anival  troin  the  cusp  is  prominent  in  the  double  integration 
seismograms  (a),  where  it  is  the  (irsi  arrival  at  large  ulfscts  It  is  missing  m  the  single-integration  seismograms  (b)  All  ainsal  times  match  those 
inFig  12 
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Figure  14.  Seismograms  computed  for  medium  2  of  Tabic  I  for  wave  propagation  m  the  symmetry  plane  that  contains  the  symmetry  axis  The 
corresponding  group^velocity  curves  arc  those  of  Fig  10  The  source  was  oncnitd  in  the  x  direction,  and  the  z-component  is  shown  here  The 
slower  5*wavc  does  not  appear  on  this  component  The  cusp  m  the  group  velocity  surface  causes  triplication  of  the  S  arrival  Although  the 
arrival  times  are  identical  m  the  double  (a)  and  single  (b)  integration  seismograms,  the  amplitudes  differ 
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applying  the  first  method  for  multilayered  media  that  was 
described  above  This  method  gives  the  exact  single* 
integration  travcltimcs  and  an  upper  limit  for  the 
doublC’integration  traveliimes  We  only  get  nn  upper  limit 
for  the  latter  because  the  traveltime  ts  computed  along  the 
single<integration  ray  path  m  the  sagittal  plane  However, 
comparison  of  Fig.  19  with  Fig.  18  shows  that  both  the 
single*  and  the  doublc*integration  arrival  times  match  those 
of  the  synthetic  seismograms  perfectly.  This  demonstrates 
that  the  effect  of  the  ray  leaving  the  sagittal  plane  is  a  minor 
one 


CONCLUSIONS 

Computing  synthetic  seismograms  for  AA  media  with  a 
single  integration  can  result  in  errors  m  both  travcltimcs  and 
amplitudes  If  the  traveltimes  are  inaccurate,  they  will  be 
too  small,  since  single-integration  group  velocities  are 
greater  than  or  equal  to  double-integration  group  vehKitics 
If  the  group-vcUicity  surface  on  the  medium  has  cusps  and 
the  sagittal  plane  is  not  a  symmetry  plane  then  some  arrivals 
might  be  missing  from  (he  single-mtcgraticn  seismograms 
Single  integration  should  not  be  used  for  these  kinds  of 
models 

For  multilayer  models  the  travcltime  error  inherent  in 
single  integration  can  be  regarded  as  the  sum  of  two  terms 
one  term  due  to  the  use  of  an  effective  group-velocity  curve 


Comparison  of  the  travcltimcs  computed  with  this  method 
with  synthetic  seismograms  showed  that  the  error 
introduced  by  the  neglect  of  the  ray  leaving  the  sagittal 
pianc  appears  to  be  negligible  even  for  strongly  anisotropic 
media,  so  that  the  estimated  upper  bound  for  the  error  is 
very  close  to  the  error  itself.  We  also  ouilmed  an  alternative 
meihod  for  computing  the  iravellime  error  prior  to  the 
compulation  of  the  synthetic  seismograms 
The  amplitude  error  can  be  estimated  from  the  sagittal 
group  velocity  curves  and  %  We  showed  that  if  these 
curves  match  for  sagittal  planes  at  a  number  of  increasing 
azimuthf.  then  the  amplitudes  will  be  accurate  at  any 
azimuth.  Generally,  amplitudes  appear  less  likely  to  be  in 
error  than  traveltimes  However,  one  can  have  accurate 
travcltimcs  and  wrong  amplitudes  m  case  of  strong 
anisotropy  if,  for  example,  the  sagittal  plane  is  near  a 
symmetry  plane  Therefore,  one  should  always  use  double 
integration  for  seismogram  synthesis  for  strongly  anisotropic 
media,  even  it  the  sagittal  plane  is  a  symmetry  plane  As  a 
safe  method,  we  suggest  using  single  integration  in 
symmetry  plane»  only  for  those  models  for  which  single 
integration  can  also  be  used  m  off-symmetry  planes 
In  most  cases  of  weak  anisotropy  one  finds  that  single 
integration  gives  sufficiently  exact  results  for  traveltimes  and 
amplitudes  so  that  it  is  not  necessary  to  use  double 
integration  The  model  used  to  make  Figs  15-17  is  a  typical 
(in  that  respect)  instance  of  weak  anisotropy 
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that  IS  incorrectly  large,  and  another  term  due  to  neglect 
of  the  fact  that  the  true  ray  leaves  the  sagittal  plane  The 
first  error  term  is  relatively  Urge  and  negative  while  (he 
second  term  is  relatively  small  and  positive  Therefore  it  is 
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Fi(Lure  18.  Synthetic  seismograms  for  a  mo<lct  with  a  \enica!  gradient  The  anis<iiropv  decreases  with  depth  Ihs  clastic  siilfncsses  at  the 
source  depth  are  those  of  medium  4  m  Tabic  1,  and  the  ela^ic  stiffnesses  at  the  receiver  depth  are  those  of  medium  I  in  fable  1  I  he 
source-rcccivcr  geometry  is  that  of  Fig  7  fhe  source  was  oiienied  m  the  «*dircction  and  the  x  -comjHment  is  show  n  here  I  he  arri\  af  limes 
arc  still  too  eariy  in  the  single*integralion  seismograms  (b) 
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ll{ure  19.  ’nme-distance  plots  for  (he  same  model  as  in  Fig  18,  computed  along  the  smgte-mtcgration  ray  path  as  explained  in  the  text. 
Computed  points  are  marked  by  filled  circles  Both  the  double-integration  (a)  and  the  smgic-integtation  (b)  arrival  times  match  those  in  Fig 
18,  even  (hough  the  departure  of  the  ray  from  the  sagittal  plane  was  ignored  in  the  computation  of  (a) 
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WORKSTATION  COMPUTATION  OF  SYNTHETIC 
SEISMOGRAMS  FOR  VERTICAL  AND  HORIZONTAL 
PROFILES:  A  FULL  WAVEFIELD  RESPONSE  FOR  A 
TWO-DIMENSIONAL  LAYERED  HALF-SPACE 
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'Department  of  Geological  Sciences,  Indiana  University,  Bloomington.  IN  4740S.  Western  Geophysical. 

P  O.  Box  2469,  Houston,  TX  77252«2469.  and  ’Department  of  Geolog*'  and  Geophysics, 

2525  Correa  Road.  Honolulu.  HI  96822.  U.S  A 

Jl  August  1992,  occepitd  6  October  1992) 

Abstract— FORTRAN  code  for  generation  of  full  wavelUld  synthetic  seismograms  is  presented  for 
two-dimensional  honronlally  layered  models  bounded  by  a  free  surface  and  a  half  space  Mode]  layers 
are  user  defined  by  compressional  and  shar  velocities,  Q  factors,  Jensuies  and  thicknesses  The  algorithm 
IS  based  on  the  reflectivity  method  and  uses  the  propagator  matrix  approach  Explosion  (point)  and  double 
couple  (fault)  sources  are  generated  with  a  moment  tensor  representation.  As  evaluation  of  the  slowness 
integrals  involves  time  consuming  numenca!  Harkc!  transforms,  these  computations  are  made  with  a 
generalired  Filon  method  that  saves  computational  time  The  architecture  of  the  program  is  unusual 
because  the  outermost  loop  is  over  tems-oral  frequency  and  the  innermost  loop  is  over  slowness  This 
permits  the  use  of  frequency-dependent  seismic  velocities,  necessary  for  causality,  while  gmng  a  factor 
of  Mven  speed-up  from  vectonzation  Tht  ^e$  are  applicable  for  both  sector  computers  and 
workstations 

Two  test  cases  demonstrate  successful  applications  of  the  codes  for  both  honzonial  seismic  profiles 
(receivers  at  one  depth  at  successively  larger  offsets)  and  for  vertical  seirmic  profiles  (receivers  arrenged 
in  a  vertical  array  at  any  offset).  Receivers  and  source  may  be  positioned  within  any  layer  The 
seismograms  display  direct,  refracted,  reflected,  and  head-wave  arnv.ls  and  their  multiples  Mode 
converted  events  of  compressional  and  shear  propagation  are  geneiated  and  identified  The  code  generates 
seismograms  for  pressure,  vertical  and  horizontal  displacement  sensors  and  for  models  combining  acoustic 
and  elastic  layers 

Key  Words’  S)''thetic  seismogram,  Reflectunt)  method,  Propagator  mainx,  Full  wavefield  response, 
Vertical  seismic  pi  .'file  (VSP) 


INTRODUCTION 

Most  geophysical  problems  are  studied  using  either 
the  forward  (direct)  modeling  approach  or  an  inverse 
method  approach.  In  seismology,  the  inverse  problem 
may  involve  determining  the  veloaty  model  from  the 
observed  arrival  times  of  elastic  waves  at  a  set  of 
seimograph  stations  Given  the  velocity  model,  origin 
time,  location,  and  dynamics  of  the  source,  the 
computation  of  a  seismogram  displaying  the  wave 
forms  of  all  possible  seismic  events  expected  at  a 
speaffc  location  i$  a  classic  forward  problem.  Specih- 
cally,  the  response  of  a  stratified  half  space  to  a 
general  source  as  recorded  by  a  sensor  is  known  as  a 
synthetic  seismogram  Analysis  of  observed  differ¬ 
ences  between  synthetic  and  recorded  seismograms 
provides  insight  into  either  the  v’elocity  (geolo^c) 
structure  or  the  nature  of  the  seismic  source,  and  is 
of  fundamental  importance  in  both  exploration  and 
earthquake  studies 

In  this  paper  we  present  an  algorithm  for  the 
computation  of  synthetic  seismograms  using  the 


codes  REFLSYNF  and  REFI^YNT  (Appendix  I) 
These  codes  generate  seismograms  recorded  cither  on 
a  set  of  sensors  at  increasing  horizontal  distances  x 
from  the  source,  termed  a  honzonlal  seismic  proffie 
(HSP)  or  on  a  set  of  sensors  at  increasing  vertical 
depths,  termed  a  vertical  setsmic  profile  (VSP) 
(Ftg  1)  The  codes  compute  a  full  wavefield  rcsp^msc 
for  a  medium  consisting  of  plane  honzontal  t«otropiC 
layers  bounded  abo'  c  by  a  free  surface  and  bchw  by 
a  half-space  (Fig  *')  Each  layer  is  described  by  its 
compressional  (longitudinal)  velocity  a  and  siiear 
(transverse)  velocity  p  (CL  and  CT  respectively  in  the 
code),  Its  quality  factors  QL  and  QT,  and  density  p 
(RHO).  Although  codes  for  generation  of  seismo¬ 
grams  for  the  situation  of  vertically  incident 
plane  waves  are  available  widely  (Frazer,  Bates,  and 
Rudman,  1985),  this  is  not  the  situation  for  codes  that 
are  applicable  to  workstations  and  that  generate  both 
HSP  and  VSP  full  wave  synthetics  The  next  gcncr- 
atif'n  of  synthetic  se»  mogram  codes  arc  now  being 
developed  for  anisotropic  layers  (eg  Mallick  and 
Frazer,  1990b,  1991) 
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georaetnes  for  program  RE- 
rLSYNF.  For  horizontal  seismic  prt^e  (HSP)  receivers  are 
at  equal  increment  spacing  at  one  depth  Sources  may  be 
above  or  below  receiver  For  vertical  seismic  profiles  (VSP) 
reavers  arc  at  various  specified  depths  at  common  offset 
(X)  distance  Several  source  to  iccdvcr  offsets  may  be 
obtained  from  one  cmnpuiation. 


THEORY 

Lot  capital  bold  letters  denote  matrices  and  lower 
case  bold  letters  denote  vectors.  In  a  homogeneous 
medium,  a  seismic  waveficld  can  may  desenbed  by  the 
solution  of  the  simple  wave  equation 

I 

i?"?7Pr  (» 

where  is  a  poienlial  function  of  the  elastic  displace- 
mem  vector  u,  o  is  the  phase  velocity,  x  represents 
space  coordinates,  and  /  «  time.  Solutions  to  the 
wave  equation  arc  given  many  places  (eg  Aki  and 
Richards,  1980)  However,  for  more  realistic  earth 
models  the  seismic  wavcfield  is  best  developed  by  first 
reformulating  the  wave  equation  m  terms  of  the 
momentum  equation 

-pei^-Vr  +  f  (2) 


alion  of  the  Gilbert  and  Backus  (1966)  systcmal 
development  using  a  ‘Propagator  Matnx’  betwet 
successive  layers  in  the  stratified  medium  The  mat! 
cmatics  for  the  various  methods  h?vc  been  summa 
ized  carefully  and  reviewed  by  Chn,  Hcdsirom,  an 
Thigpen  (1984). 

We  use  cylindrical  coordinates  x  (offset),  z  (depth 
and  (azimuth)  with  source  on  the  z  axis  an 
receivers  on  the  ^  n  0  plane  The  algorithm  is  base 
on  the  reflectivity  method  introduced  by  Fuchs  an 
Muller  (1971)  and  developed  extensively  by  Kcnnei 
(1983)  and  others  into  a  matnx  repr^ntation  in  lb 
frequcncy-wavenumbcr  domain.  The  process  involve 
transforming  out  the  dependence  of  Equations  (2 
and  (3)  on  the  honzontal  coordinate  (x)  and  time  (/ 
using  Hankel  and  Founer  transforms  respectively  l< 
obtain  a  set  of  equations  of  the  form 

c»(h)“ -rtuAb  +  g  (4 

where  b  is  a  stress-displacement  vector  of  physica 
yana^  referred  to  as  the  reflectivity  function 
i  v/- 1.  A  either  is  a  2  x  2  matnx  for  an  SH  systen 
(shMr  waves  with  motion  transverse  to  the  propa 
gation  direction  and  confined  to  a  honzontal  plane 
or  a  4  X  4  matnx  for  a  P/SV  system  (coupled  com 
pressional  (P)  and  shear  wave  (SV)  propagation  in  i 
vertical  plane},  and  g  is  the  source  funciton.  In  oui 
code  the  point  source  g  is  described  by  a  momcm 
tensor  to  simulate  cither  an  explosion  or  a  double 
couple  (earthquake)  system.  The  algonthm  presented 
here  docs  not  include  the  SH  wave  computation, 
Equation  (4)  takes  a  convenient  form  if  expressed 
in  terms  of  honzontal  slowness  p  »  k,/co,  where  Jc„  is 
the  honzontal  wavenumber.  Thus  for  P/SV  waves  we 
have  (Kcnnctl,  1983,  eq.  2.24) 
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and  the  constitutive  relation 

T  «  Cu  (3) 

where  w  is  radian  temporal  frequency,  f  is  the  body 
force  density,  C  is  the  fouith-order  cystic  tensor,  and 
r  and  c  are  the  second-order  stress  and  strain  tensors, 
respectively 

Matnx  solutions  to  Equations  (2)  and  (3)  are  based 
on  continuity  of  normal  stresses  and  displacements 
at  layer  boundancs  Thomson  (1950)  and  Haskell 
(1953)  represented  a  vertically  inhomogeneous 
medium  as  a  stack  of  homogeneous  layers  and  de¬ 
scribed  up  and  down  going  wav^  with  a  matnx 
representation  Their  approach  was  a  special  situ- 


wherc  £  and  F  are  scale^^  ansforms  of  displacement, 
M  and  £  arc  scaied  transforms  of  stress,  and 
V  a4p^*{l  Unique  solutions  of  Equation 

(5)  arc  obtained  by  imposing  the  boundary  conditions 
of  vanishing  normal  stress  at  the  free  surface  and  of 
outgoing  radiation  m  the  lower  halfspacc.  To  obtain 
the  co-x  domain  solution,  one  evaluates  the  inverse 
Hankel  transforms;  for  example,  the  vertical  com¬ 
ponent  0  IS  expressed  as 

0(a,  z,  to)  =  j* dp<o^p£(wp,  :)//Ut^p,  x)  (6) 

where  ffl  ts  the  Hankel  function  of  type  I  and  order 
0.  Uiwp,  z)  IS  one  of  the  components  of  b  obtained  by 
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the  reflectivity  method.  Continuity  of  displacement 
and  stress  across  layer  bocndancs  yields  expressions 
for  a  system  of  reflection  and  transmission  co¬ 
efficients,  R  and  T,  used  to  compute  U^top^z). 


where  f{p)  =  {oi^l2)pH\  {o}p,x)t  p),  5  = 

«»x,  and  g(p)=p  After  some  anthmclic,  Frazer 
(1988)  obtains  the  GFM  analog  of  the  trapezoidal 
rule  of  integration  in  the  form 


^  /(p)c  dp  « =  0 


Expiiat  forms  for  R  and  T  are  {pven  in  Ab  and 
Richards  (1980,  chap  S).  Final  computation  of  the 
seismogram  involves  Founer  transformation  of 
£^(x,z,<o)  from  frequency  into  the  time  domain  by 

u(x,  z,  /)  *  I/2ir  JdruCffx,  (7) 

where  u  is  the  vertical  displacement  seismogram. 

Computation  of  the  slowness  integral  (Eq.  (6)J  is 
obtained  with  a  numerical  Hankel  transform  for  a 
large  range  of  slownesses  and  iteratively  over  all 
frequencies  up  to  the  Nyquist  Rapid  oscillation  of 
the  Hankel  .unction  kernel  indicates  that  standard 
quadratu'.*  methods  require  a  large  number  of  steps 
(dp  is  inversely  proportional  to  cux)  In  order  to 
reduce  the  computation  time,  we  use  the  generalized 
Filon  quadrature  method  (GFM)descnbcd  by  Frazer 
(1988)  The  Filou  method  allows  the  step  size  to  be 
proportional  to  (wx)'*'^  and,  for  a  given  step  size, 
computations  may  yield  a  time  savings  of  up  to  80% 
We  rewrite  Equation  (6)  m  the  GFM  form 

[/(/.)««/)  d,,  (8) 
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where  6  refers  to  the  interval  b  -  a,  and  6f  means 
f{b)~f{a). 

Attenuation  is  introduced  by  making  each  seismic 
velocity  c(to)  a  complex,  frequency-dependent  func¬ 
tion  dependent  on  seismic  Q.  We  use  a  modified 
version  of  Stock’s  power  law  (Stock,  1970). 

— __L+ — ^ - ! —  (10) 

c(p))  c{co)  sm(<7n/2)(£ -ra>)' 

where  c(ct))  “  complex  velocity,  c(oo)  the  velocity  at 
infinite  frequency.  <7  m  0  1  for  earth  mateoals, 
Xo5sa)S/(2c(co)0(wo)l  and  o)<,  is  a  reference  fre¬ 
quency.  G(^o)  the  model  Q  and  c  *0.001 


MATRIX  SOLLmONS 

The  displacement  components  of  the  reflectivity 
functions,  V  and  V,  are  computed  from  the  reflection 
and  transmission  matrices  R  and  T  The  matnees  R 
and  T  for  different  regions  arc  the  fundamental 
building  blocks  of  the  Kcnnett  solution  to  Equation 
(5).  These  blocks  are  assembled  m  different  ways 
depending  on  whether  the  receiver  is  above  the  source 
or  vice  versa.  The  following  brief  introduction  to  the 
matnx  approach  draws  pnmarily  from  Kennett’s 
book  (1983).  For  plane  waves  in  a  layer,  let  i’kj*  ‘’so 
be  the  displacement  potentials  of  the  upgoing  com- 
pressional  and  shear  waves,  respectively.  Similarly,  let 
i>o  and  t’so  represent  the  downgoing  waves  We  write 


At  each  depth  we  define  a  reflection  matrix  Rp 
relating  amplitudes  of  up  and  downgomg  waves 
and  Vp,  respectively,  for  clastic  and  fluid  layers 


(RS 

“W  RoJ 


Figure  2  Two-dimensional  layer  model  for  program  TE- 
FLSYNF  Parameter  inputs  for  each  layer  are  conipres- 
sional  veloaty  (CL),  compressional  Q  (QL),  shear  velocity 
(CT),  shear  Q  (QT),  density  (RHO),  and  layer  thickness 
(r,  ♦  I  -  Zi)  Receiven  and  source  depth  arc  located  at  top  of 
layers  selected  by  layer  number 


(ELASTIC) 


Ro=«d  (LIQUID)  (12) 

where,  for  example.  Rp  is  the  reflection  coefficient  of 
the  downward  travelling  incident  compressional  wave 
(P)  reflected  as  a  shear  wave  (S)  Corresponding 
definitions  similar  to  Equation  (12)  mav  be  developed 
for  Ry  and  for  the  transmission  matrices  Tp  and  Ty 
For  n  layers  sandwiched  between  two  half  spaces, 
we  have  a  matnx  reprcscnialion  of  upgoing  and 
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interaction  of  regions  *!  2*  and  ‘23*  {£<).  (17))  Modified  from 
Kennett  (1983.  fig  6  1) 


downgoing  wavcfields  In  layer  I.  £/|  and  D,  arc  given 

where  Q  i5  a  wave  propagator  matrix  related  to  a 
matnx  of  the  total  reflection  and  transmission  cO' 
efficients  R  and  T  as  follows 


^  /Tu-RdTo'Ru|RoTb'\ 

-T6'^  Iv  j 

To  illustrate  the  physical  meaning  of  the  total 
reflection  and  transmission  matn^s.  consider  an 
inhomogenous  region  ;i<r<r)  subdivided  by  a 
honzontal  plane  at  :  ■»  (Fig  3)  The  overall  re¬ 
sponse  for  the  ‘13*  region  is 


R II  _  pit  X 
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u’-xy  (i-Ri'Rgr'xy. 
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U  ■  •'y  "r  *  0  •'u  t*  •'O  •'U I  •  0  » 

Ti?-  (I-RiJRi/r’Ti? 


(15) 


where  I  is  the  identity  matnx  The  notation  used  here 
again  follows  Kennett  (1983)  An  incident  downward 
travelling  wave  at  some  layer  Z|  gives  nsc  to  a  senes 
of  reflection  and  transmission  terms  The  reflection 
senes  Ri>^  is  the  reflection  matnx  for  the  *12'  region 
in  isolation  The  matnx  inverse  in  Equation  (15)  may 
be  expanded  as  a  power  senes 


(I-A)-‘»I  +  A  +  A*+  •  (16) 


Therefore,  line  1  of  Equation  (15)  may  be  wntten  as 

Ri,’“Ri?  +  T^^Ri,*T{[  l-T^*RWRgn*+  (17) 

Figure  3  shows  the  travel  path  of  each  tema  in 
Equation  (17),  Rp  represents  the  reflection  from  the 
Zi  interface  T(?R|J*T^>^  reading  nght  to  left,  rep¬ 


resents  a  transmission  down  from  interface  Zi 
through  interface  Zz,  reflection  from  interface  r,, 
followed  by  transmission  up  from  interface  Zz  to 
interface  z.  The  third  term  includes  another  internal 
reverberation  (multiple)  The  reflection/transmission 
matrices  containing  the  bracketed  quantities  of 
Equation  (15),  termed  the  reverberation  operator, 
includes  all  phases  and  multiples  within  the  two 
layers 

R  and  T  may  be  calculated  by  adding  a  layer  at 
each  computational  stage,  beginning  at  the  bottom  of 
the  stack  of  layers.  The  reflection  and  transmission 
coefficients  given  here  contain  phase  shiAs  due  to  the 
travel  time  m  each  layer.  When  these  depth  intervals 
are  homogeneous  layers,  it  is  convenient  to  wnte  the 
phase  shiA  terms  explicitly  Thus,  Rp  is  obtained 

frow' 

RJ?  -  ER”E  (18) 

wherc^^’  is  the  reflection  coefficient  for  the  interface 
at  depth  z,.  and 


where  and  z  ■ 

-  zj  The  phase  matnx  E  accounts  for  the  distance 
travelled  m  the  corresponding  layer  (r,  -  Zj)  in  terms 
of  the  phase  velocities  a  and  ^  in  the  layer  and  the 
horizontal  slowness  p. 

For  VSP,  when  there  may  be  receivers  above  the 
source  and  many  receivers  below  the  source,  a  some¬ 
what  complicated  use  of  R  and  T  yields  a  rapid 
computation.  Such  topics  are  beyond  the  scope  of 
this  paper  but  the  interested  reader  can  obtain  a 
detailed  treatment  m  Malhck  and  Frazer  (1988)  All 
the  examples  in  that  paper  <xere  computed  with 
REFLSYNF. 


ALGORn'HM 

Two  separate  codes  are  presented  in  this  paper* 
REFLSYNF  ami  REFLSYNT  The  mam  code.  RE- 
FLSYNF  implements  Equation  (6)  and  computes  file 
WXP  (binary),  the  synthetic  seismogram  equivalent 
m  the  frequency-xiisiancc  domain  at  specified  offsets 
X  and  depths  z  for  the  pressure,  honzontal  displace¬ 
ment,  and  vertical  displacement  components  of  the 
wavefield.  REFLSYNT  implements  Equation  (7)  and 
Fourier  transforms  WXP  to  the  time-distance  do¬ 
main.  This  code  uses  a  standard  FFT  and  will  not  be 
discussed  further 

REFLSYNF  is  summarized  m  a  brief  fiowdiagram 
(Fig.  4)  It  requires  two  input  files,  MODEL  and 
RESP.MODEL  gives  the  velocity  model  parameters 
and  RESP  specifies  computational  parameters  (de¬ 
tails  are  in  the  code  comments).  Within  REFLSYNF 
subroutine  EXECUT  contains  the  bulk  of  the  com¬ 
putations  discussed  in  the  earlier  sections  on  Theory 
and  Matrix  Representation  After  opening  files,  ini¬ 
tializing  arrays  and  setting  flags  to  identify  the  source 
and  receiver  types,  the  frequency  loop  begins  The 
frequency  domain  response  is  computed  for  all  NW 
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PROGRAUKFISYNF 


MAIN  PROGRAM 

Opsn  files.  Cell  SiAfoutmes 
SUBROUTINE  MODLIN 

Inioafize.  Reedki  model  perimeters.  Generate  default  parameters 
V  necessary,  tnierpolite  layers  and  htroduca  ear^  flattening 
SUBROUTINE  RESPIN 

Read  In  program  control  parameters.  Set  source  parameters 
SUBROUTINE  EXECUT 

Open Nes.  InWalize  Selfiags for sovrce/recei'rer properties. 

Generate  headers  for  output  files. 

Begm  Calculations 

Frequency  loop  (for  all  freqjenUes  up  to  Nyquis(f 
CalGulale  p  loop  controls 
Layer  loop 
ploop 

Iteradon  equations  to  con^e  the  reflecilon/transmisslon  coeldcients 
End  p  hop 

It  source  layer  dm 
phop 

Store  rellectiorUtranstNsshn  coetficfents  to  this  point 

Reset  refleethn  coefficients  to  0  and  transrr^sslM  coetfdents  to  1. 

End  phop 
If  receiver  layer  dm 
phop 

Store  rellectiofvtransmisshn  ccelMents  to  this  point 
End  phop 
End  layer  hop 
Receiver  hop 
phop 

Compute  displacement  resoonsa  using  appropriate  formula  lor  receiver 
above  or  behw  source 
Endphop 
xhop 

Fihn  Integrate  overp  to  t/amlorm  ptox 
End  xhop 
End  receiver  hop 
Wnte  response  for  thk  HeqjetKy 
End  frequency  hop 
End  calculations. 

SUBROUTINE  BUFOUT 

Write  binary  output  for  Input  to  REnSYNT  (whhh  fourier  transforms  to  tme  domah) 
Figure  4.  Flowdiagram  for  program  REFLSYNF  (see  Appendix). 


frequencies  up  to  the  Nyquist  frequency.  The  layer 
and  receiver  loops  are  within  the  frequency  loop. 
Within  the  layer  loop,  the  reflection/transmission 
coeffiaents  are  computed  for  each  interface  for  all  ray 
parameters  and  are  stored  separately  for  the  special 
Situations  of  source  and  receiver  layers.  Iteration 
generates  the  refiection/transmission  coefficient 
matrix  for  the  entire  slack  of  layers.  The  receiver 
loop,  which  'ol!0)vs  the  layer  loop,  includes  a  tranS' 
formation  to  space  coordinates  (evaluation  of  Eq. 
(6)]  Computations  differ  depending  on  the  relative 
positions  of  receiver  and  source.  Both  the  layer  and 
receiver  loops  contain  p  loops  that  vectorire.  Having 
the  outer  loop  over  frequency  and  the  inner  loop  over 
slowness  permits  use  of  frequency^dependent  seismic 
velocities  This  unusual  vector  architecture  reduces 
the  time  for  computations  on  a  Cray  Y-MP  by  a 
factor  of  seven  The  code  also  has  been  tested  suc^ss- 
fully  on  a  workstation  (Sun  Srarcstation2)  with  run 


times  that  are  50-^  times  longer  than  on  the  Cray 
for  relatively  simple  models 

Two  distinct  array-source  geometnes  are  available. 
HSP  IS  the  conventional  exploration  configuration 
with  receivers  extended  along  a  honzontal  line, 
usually  at  equal  increments  (offsets)  for  the  source 
(Fig  lA).  Source  and  receiver  depths  are  sel^ted  by 
the  user,  although  receivers  usually  are  placed  just 
below  the  free  surface.  VSP  is  associated  with  down* 
hole  logging  with  receivers  in  a  vertical  array  at 
specified  intervals  at  fixed  honzontal  offsets  from  the 
source  (Fig  IB),  arbitrary  source  and  receiver  depths 
again  are  selected  by  the  user.  Further  speafics  on 
running  of  the  program,  available  options  and  van- 
able  names  and  their  significance  are  given  m  the 
program  listing 

The  advantage  of  the  reflectivity  method  is  that  it 
includes  ail  possible  generalized  rays  within  the 
model,  the  pnncipal  disadvantage  is  that  compu- 
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tation  may  require  extensive  computer  time  Compu¬ 
tations  arc  slowed  by  the  need  to  (I)  adequately 
sample  the  reflectivity  function  in  wavenumber  (slow¬ 
ness)  space  to  avoid  spatial  aliasing  on  transforming 
into  the  oflset  domain,  (2)  use  many  fi^uencics  to 
avoid  wraparound  in  the  time  domain,  (3)  compute 
a  time  senes  longer  than  the  interval  of  interest  to 


avoid  time  aliasing,  and  t4j  in<-ludc  numerous  thin 
layers  m  the  models  to  represent  velocity  gradients 
Although  computing  i.me  is  not  dependent  strongly 
on  the  number  of  offsets  requested,  it  i.\  proportional 
to  (he  number  of  frequencies,  layers  and  wavenum 
bers  (or  slowness)  samples  used  in  the  integration  ol 
Equation  (6)  Variations  in  speed  and  accuracy  for 
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unce 


of  50,000  ft 


Table  1  Model  parameters  for  Figure  6  -liquid  layer  over  elasoc  layer  over  elastic 
half  space 


LAYER 

miCKNESStKM} 

CL(KMS) 

OL 

CT(KM/S} 

or 

RHOfOM.'CC) 

1 

1.15 

150 

5000 

0 

0 

10 

2 

200 

250 

200 

144 

100 

25 

3 

HALF  SPACE 

600 

300 

346 

ISO 

30 

difTerent  algorithms  have  been  studied  by  MalHck 
and  Frazer  (1987).  They  have  discussed  the  advan* 
tages  of  the  use  of  (1)  a  generalized  FtIon*s  method 
(Frazer  and  Gettrust,  1984)  for  including  larger  step 
sizes  in  the  slowness  integration  of  Equation  (6),  (2; 
complex  frequencies  (Phinney,  196i)  for  reducing  the 
lime*$eries  length,  (3)  careful  use  of  phase  integrals  in 
gradient  zones  for  computational  speed,  and  (4) 
complex  velocities  to  incorporate  Q  dependence.  All 
of  these  techniques  are  applied  in  the  algonihm 
presented  here. 

As  may  be  the  situation,  there  may  be  some 
computational  pitfalls  that  the  user  may  encounter. 
For  example,  there  is  a  linear  event  that  seems  related 
to  the  integration  window  defined  by  the  variable 
PMAX.  If  necessary,  (he  event  may  be  minimized 
with  a  careful  choice  of  frequencies  NW  and  inte* 
gration  window  parameters  PI,  P2,  P3,  and  P4. 
Another  computational  problem  is  related  to  near 
offset  distances.  The  integration  involving  the  Hankel 
function  (Eq.  (6))  i$  not  applicable  for  near  zero 
offsets  In  consequence  at  the  near  offsets  arrival 
times  of  events  are  correct,  but  true  amplitudes  are 
larger  than  predicted.  At  this  time  no  other  problems 
are  known  to  the  authors  Although  numerous 
models  were  run,  time  and  space  considerations  limit 
our  presentation  to  two  test  cases 


Tabic  2  Input  files  used  to 
generate  HSP  synthetic  $eis< 
mogram  (Fig  6)  Code  is  run 
with  refiiynf  modt!  resp 


MODEL 

0  07, SO  0.0.2 
15.SOOO  .00.0  0.1  0.01 
15.5000,00.00,10.01 

1  5.5000.00.00.1  0,1  13 

2  5,200  .-1  0,-1  0.25.2  0 
6  0.300  .-lO.'l  0,3  0,1000 

HESP 

Sonobuoy  modal 
512,1.300.10.002 

3 

0,15,  25 
0 .0 .0 .0 
D 

00,0  0 


TEST  CASES 
Momontal  seismic  profile 

We  demonstrate  the  code  operation  for  an  HSP 
with  a  simple  model  consisting  of  two  layers  over  a 
half  space  and  then  compare  it  to  a  real  seismic 
profile.  Figure  5  shows  a  sonobuoy  profile  modified 
from  the  introductory  geophysics  text  of  Dobnn  and 
Savii(I988,  fig  11-17).  The  text  describes  the  profile 
as  a  ship  recording  extending  for  a  horizontal  dis¬ 
tance  of  50,000  ft.  The  geology  m  the  region  of  this 
profile  IS  not  given,  but  there  are  several  labeled 
events  that  arc  identified  For  example,  the  ‘direct 
water  wave'  from  source  to  receivers  and  two  arrivals 
from  a  ‘low-speed’  and  a  ’high-speed’  velocity  refrac¬ 
tor  (also  termed  head  waves)  arc  identified  on  the 
figure  Two  prominent  rcfieclions  arc  evident  at  zero 
offset  arrival  times  of  approximately  015  and 
0  29  sec  In  addition  to  noise  superimposed  on  the 
recording,  there  arc  numerous  other  unidentified 
events  These  probably  arc  related  to  reflections, 
refractions,  and  multiples  from  a  layered  geologic 
SMtion.  In  our  model  we  presume  that  the  profile  was 
generated  by  a  point  source  within  the  first  (oceanic) 
layer  Although  sonobuoys  record  only  pressure  ar¬ 
rivals,  we  anticipate  that  some  events  on  the  profile 
may  involve  intervening  S-wave  mode  conversions, 
e.g  a  PSP  hcadwavc  phase  from  the  top  of  layer  2 
Therefore,  a  realistic  synthetic  seismogram  must  in¬ 
clude  the  full  solution  to  the  wave  equation,  including 
multiple  arrivals  and  mode  converted  phases 

We  have  used  REFLSYNF  to  try  to  generate  the 
more  prominent  features  displayed  on  Figure  5  and 
thereby  demonstrate  the  program’s  versatility  in  seis¬ 
mic  modeling.  Although  the  geology  is  unknown,  the 
presence  of  the  two  prominent  refractions  led  us  to 
select  a  simple  model  consisting  of  an  acoustic 
(ocean)  layer  over  an  elastic  layer  over  an  elastic  half 
space  Table  1  lists  the  model  parameters  of  layer 
thicknesses,  velocities,  Q  values  and  densities  These 
parameters  arc  read  in  to  REFLSYNF  from  file 
MODEL  (Table  2)  Note  that  shear  velocities  and  Q 
factors  for  layer  2  and  the  half  space  are  not  read  in 
directly,  but  were  computer  generated  by  RF.- 
FLSYNF  as  default  values 

Computational  parameters  arc  from  file  RESP 
(Table  2)  A  record  length  of  TSEC  =  30sec  was 
computed  m  combination  with  512  fiequencies 
(NW)  Integration  was  based  on  a  step  size  of  DP  ~ 
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0  002  to  a  maximum  slowness  of  p  »  1 0  sec/km.  A 
point  source  was  located  100  m  below  the  free  surface 
and  60  receivers  were  positioned  200  m  below  the  free 
surface  at  0.25  km  tnicrvais  honzontaiiy  from  the 
source  The  maximum  frequency  MW  selected  by  the 
user  controls  the  characteristic  appearance  of  the 
signal.  One  tries  to  pick  the  lowest  maximum  fre< 
quency  and  record  length  (TSEC)  that  ^nerates  a 
seismogram  that  displays  readable  events  in  the  time 
frame  of  interest.  In  summary^  input  tiles  MODEL 
AND  RESP  described  m  REFLSYNF  comments 
generate  an  output  hie  WXP  which  is  the  frequency- 
space  domain  seismogram  REFLSYNT  uses  WXP 
and  a  single  line  parameter  hie  PARAM  to  generate 


the  ASCII  hie  plotted  as  a  synthetic  seismogram 
(Fig  6) 

With  both  source  and  receiver  in  the  water  layer, 
wc  have  opted  to  generate  an  HSP  synthetic  seis¬ 
mogram  for  a  pressure  receiver.  Although  the  syn¬ 
thetic  seismogram  (Fig  6)  i^s  generated  from  just 
two  layers  over  a  half  space,  it  displays  numerous 
events.  For  example,  model  velocities  allow  us  to 
identify  the  direct  water  wave  (D)  and  the  refracted 
arrivals  (head  waves)  from  the  top  of  the  second  layer 
(HI)  and  from  the  top  of  the  half  space  (H2)  The 
normally  incident  reflection  from  the  bottom  of  the 
water  layer  (Rl)  arnves  at  zero  offset  at  1.53  sec,  with 
multiples  (MI  and  M2)  at  regular  1.53 sec  intervals 


PRESSURE  2  LAYERS/HALFSPACB 


0  5  to  IS 

RANGE  (KM) 

Fiigure  6  HSP  test  case  pressure  synthetic  seismogram  for  liquid  layer  over  elastic  layer  over  elastic  half 
space  (Table  I)  Seismogram  simulates  sonobuoy  profile  of  Figure  S  Prominent  events  identihed  by 
apparent  velocity  and  curvature  are  D  (direct  water  wave),  H I  and  H2  (head  waves),  Ri  and  R2  (primary 
reflections).  Ml  and  M2  (multiple  reflections),  and  A  and  B  (mixed  mode  events) 


Figure  7  VSP  lest  ease  A— Table  of  layer  parameters.  B-D— sasmograms  at  a  common  offset  of  0.1  km 
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the  first  10  receivers  with  a  moveout  velocity  of 
t.Sl  km/sec  and  arnves  at  receiver  1  at  0  13 sec  It 
then  IS  reflected  from  the  free  surface  with  a  polanty 
change  and  continues  as  a  downgomg  wave  Simul* 
taneously,  the  downgomg  wave  from  the  source 
arrives  at  the  top  of  layer  2  (receiver  at  0.13  sec 
and  then  is  reflected  as  an  upgomg  wave  toward  the 
free  surface  without  a  polanty  change  These  up  and 
downgomg  waves  generate  a  chevron  pattern  of 
reverberating  reflections  within  the  first  layer  as 
observed  on  receivers  U20.  Because  this  is  an  acous¬ 
tic  layer  no  pure  shear  modes  are  present 
As  each  downgomg  wave  encounters  layer  2  (re¬ 
ceiver  21),  a  portion  of  the  wave  continues  downward 
into  the  second  (elastic)  layer  as  a  compressional 
wave  and  as  a  shear  wave.  The  downgomg  waves  next 
encounter  the  top  of  the  elastic  half-space  at  660  m 
(receiver  30).  Again  a  portion  of  the  energy  is 
reflected  as  a  compressional  and  shear  wave,  and  a 
portion  is  refracted  (never  to  return)  into  the  half 
space  as  compressional  and  shear  waves  The  revci  > 
berating  events  in  layer  2  are  displayed  on  receivers 
21-30  as  a  chevron  pattern  with  an  apparent  com- 
pressional  velocity  of  2.751cm/scc  The  downgomg 
linear  patterns  in  the  half  space  (receivers  31-40) 
exhibit  a  compressional  velocity  of  4  50  km/sec 
characteristic  of  the  half  space 
The  vertical  component  seismogram  (Fig.  7C) 
should  display  displacements  of  both  compressional 
and  shear  modes.  In  this  situation,  the  vertical  com¬ 
ponent  of  the  shear  mode  is  too  small  m  amplitude 
at  0.1  km  offset  to  be  apparent  on  the  seismograms 
Therefore,  the  vertical  seismogram  is  similar  to  the 
pressure  component  seismogram. 

The  horizontal  seismogram  (Fig  7D)  contains 
both  compressional  and  shear  amvals  Within  the 
acoustic  layer  (receivers  1-20),  the  honzontal  com¬ 
ponent  IS  small  and  gains  for  all  traces  were  adjusted 
relative  to  trace  1 1  Some  of  the  small  oscillations 
present  on  these  traces  are  valid  arnvals.  but  some  are 
computational  noise  enhanced  by  the  gams  Within 
layer  2  (clastic),  the  honzontal  displacements  of  both 
compressional  and  shear  modes  are  evident  and 
recognizable  by  their  rcspectm  velocities  of  2  75  and 
0  3  km/sec  As  expected  on  a  honzontal  seismogram, 
the  dominant  event  is  the  chevron  pattern  related  to 


^  VSP 

Figure  9  Schematic  of  direct  and  refracted  head  wave  paths 
from  source  to  common  receiver,  using  \etocity  model  of 
Figure  7 


the  shear  mode  Within  the  underlying  half-space 
(reedvers  31-40)  the  major  energy  transmitted  is 
related  to  the  compressional  mode  (as  determined  by 
the  refiection/transmission  coefficients)  The  obser¬ 
vation  that  the  low  velocity  chevron  pattern  in  layer 
2  consists  mainly  of  shear  wave  reflections  can  be 
venfied  by  running  the  model  with  the  CT  values  set 
equal  to  zero  This  generates  an  acoustic  model  that 
shows  no  shear  wave  velocities  and  the  honzontal 
synthetic  at  0  1  km  offset  shows  an  absence  of  the 
pattern  in  layer  2 

We  consider  next  the  vertical  component  VSP 
seismograms  generated  at  offsets  of  0  1  (Fig.  7C), 
06  km  (Fig  8A)  and  1  1  km  (Fig  8B).  Comparison 
of  the  scismog/cms  at  these  three  different  offsets 
shows  the  effect  of  refraction  due  to  vertical  velocity 
hclcrogcneily  The  most  significant  differences  in¬ 
volve  the  presence  of  arnvals  prior  to  events  taking 
the  direct  sourcc-rcccivcr  path  in  layer  1  This  is 
explained  by  recognizing  that  a  combination  of  a 
refracted  path  and  hcadwave  path  sees  the  higher 
velocities  in  layer  2  and  in  the  half-space  For 
example,  the  direct  wave  from  source  to  receiver  A 
(Fig.  9)  would  travel  at  1  51  km/sec  The  hcadwave 
along  layer  2  travels  at  2  75  km/scc  and  eventually 
arnves  before  the  direct  path.  Similarly,  the  head- 
wave  along  the  half-space  travels  at  4  SO  km/sec  and 
eventually  arnves  before  the  other  events  Finally,  the 
hcadwaves  exhibit  an  offset  and  low-frequency  wave¬ 
form  similar  to  that  predicted  by  theory  and  field 
observations  (Helmberger,  1968) 

CONCLUSIONS 

Synthetic  seismograms  computed  with  the  reflectiv¬ 
ity  method  and  implemented  by  the  matrix  approach 
of  Kcnncll  (1983)  arc  applicable  to  both  vector 
computers  (CRAY)  and  workstation  (SUN)  compu¬ 
tation.  REFLSYNF  and  REFLSYNT  (Appendix) 
have  been  tested  extensively  for  both  horizontal  and 
vertical  profiles  Full-wave  synthetic  seismograms 
have  been  generated  .accessfully  for  a  variety  of 
models  Other  examples  are  shown  in  Mallick  ar.d 
Frazer  (1987,  1988, 1990a)  The  authors  have  verified 
the  program  behavior  in  terms  of  shape  and  polarity 
of  waveforms,  relative  amplitudes,  generation  of 
mode  converted  phases,  effect  of  attenuation  factors 
(0),  and  the  presence  of  multiple  events,  hcadwaves. 
and  surface  waves  Generation  of  synthetic  seismo¬ 
grams  that  closely  compare  to  observed  seismograms 
requires  the  user  to  make  iterative  model  changes  in 
layer  thickness,  velocity,  density,  and  Q  The  reflectiv¬ 
ity  codes  presented  here  lend  themselves  to  rapidly 
making  these  changes  to  match  relative  amplitudes 
and  arrival  times  of  phases  of  interest 

Acknov-ledgmen'i —A  porhon  of  Ihis  work  was  tarrieu 
out  on  ihe  Cray  at  (he  Illinois  Supercomputer  Center  with 
support  irom  NCSA  contracts  EAR91()(XJ2N  and  EAR 
91C<W3N  The  first  author  is  grateful  to  SOEST  al  thi 
University  of  Haw-aii  for  his  1992  s'j"''"er  appointment  a 
Visiting  ^lentisl  while  completing  this  manuscript 
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Abstract  A  method  for  ob:ammg  depth  determinations  from  overlapping  side-scan 
sonar  ts  presented  The  technique  is  analogous  to  the  photogrammetic  method  of 
deriving  topographic  measurements  from  aerial  photographic  stereo  pairs  In  the 
aenal  case,  image  overlap  ts  m  the  along^track  direction  and  topographic 
measurements  are  based  on  image  parallaxsis  The  overlap  of  the  sonar  images  is  in 
the  across'track  sense,  and  the  look  directions  of  the  two  images  are  opposed  In 
terrains  nhere  slope  is  the  conirolling  factor  of  unage  intensity,  the  opposite  look 
directions  may  yield  radically  distinct  images,  thus  inscihdaiing  traditional 
photogrammetnc  measurement  techniques  IH"  present  a  new  approach  based  on 
matching  image  edge  features  rather  than  image  intensities  The  algorithm  is  tested 
on  synthetic  imagery  generated  from  a  bathymetric  model  ami  the  results  are 
excellent  Application  to  aaual  imagery  yielded  viable  depth  determinations 
consistent  wuh  trend  and  ancillary  data 


Introduction 

ScaMARC  H  is  a  12  kHZ  shallow-towed  sidc-scan  sonar  system  that  provides  simulta* 
ncous  acoustic  imagery  and  swath  map  bathymetry  For  a  complete  system  description, 
see  Blackinton,  Hussong.  and  Kosalos  (1983)  In  alt  oceanic  depths,  the  system  yields 
a  lO-km-wide  side-scan  image  swath  and  interferometric  bathymetry  from  nadir  to 
60”  In  water  depths  greater  than  2  9  km  the  bathymetric  swath  will  cover  the  full 
cross-track  range  of  the  acoustic  image  In  shallower  water  depths,  there  will  be  a  gap 
An  investigator  wishing  to  conduct  a  survey  in  waters  shallower  than  this  depth  has 
two  choices’ 

(1)  Conduct  the  survey  with  track  lines  sufficiently  close  to  allow  compteie  bathy¬ 
metric  coverage,  thereby  significantly  increasing  the  number  of  tracks  necessary 
and  thus  the  survey  lime. 

(2)  Conduct  the  survey  with  nominal  overlap  of  the  side  scan  and  suffer  the  bathy¬ 
metric  data  gaps 

An  alternative  is  presented 

Opposing  tracks  often  contain  up  to  2  to  3  km  ot  overlapping  side-scan  data  As  we 
can  calculate  the  slant  range  to  each  pixel  through  knowledge  of  the  nadir  depth  and 
sequential  arrival  time,  an  unambiguous  solution  for  the  (hree-dmiensional  position  of 
any  reflector  can  be  acquired  from  two  op|)osing  looks  (provided  we  neglect  the  possibil¬ 
ity  that  the  reflector  is  located  above  the  water)  through  coregistraiion  of  matching 
features  in  the  two  opposite  look  dir.’Ctions  Clearly  this  technique  will  be  dependent  on 
the  ability  to  corcgisier  data  from  opposing  tracks  digitally 
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Overlapping  imageiy  hoWs  (he  poienlial  for  dcplh  delerminal.on  via  malchina  of 
Simnar  (eaiures  ,n  a  fashion  similar  lo  Iha.  used  in  analysis  of  aerial  s  jo  Zo  nfirf 

error  in  ihe  location  of  similar 
bjecis  in  images  taken  from  distinct  perspectives  to  calculate  object  height  In  the  usual 
Mse  wiih  aerral  photography,  Ihe  overlap  is  m  the  along-track  dncction^and  Ihe  sensor 
bjec  geometnes  from  the  stereo  pair  have  only  one  degree  of  freedom  Constancy  of 
object  ap^arance  allows  use  of  the  geometric  displacement  due  lo  the  shift  m  perspec- 
live  o  determine  hc.ghf  For  side-scan  imagery,  object  appearance  (intensity)  is^ar^y 
die  to  incidence  angle.  Consequently,  overlapping  images  from  opposite  look  directfom 

ar^  ‘llunfnated  from  one  perspective 

are  shadowed  from  the  opposite  look  direction  Object  matching  is  therefore^ZmT 

o"f  freZr"”"""'  of  degreed 


Stereoscopic  Side  Scan 


eLT!"T^ '"“80  intensity  to  the  nature  of  the 
edges  in  the  image  For  uniform  surfaces  edges  result  from  changes  in  vicw-to-surflcc 
geometries  Fora  fixed  view  location,  the  edge  (i  e  ,  a  pixel-to-pixel  chmle ;  mS 
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'ih  dctcrminaiion  via  matching  of 
alysis  of  aerial  stereo  photo  pairs 
\  error  in  the  location  of  similar 
alculate  object  height  In  the  usual 
mg-irack  direction  and  the  sensor- 
degree  of  freedom  Constancy  of 
cmeni  due  to  the  shift  in  pcrspec- 
-t  appearance  (intensity)  is  largely 
ages  from  opposite  look  directions 
s  illuminated  from  one  perspective 
i  matching  is  therefore  nontrivial, 
jincrcasc  m  the  number  of  degrees 


image  intensity  to  the  nature  of  the 
A  from  changes  in  vicw-to-surfacc 
.  a  pixci-to-pixcl  change  in  image 


(uhiu?  hucar  toalUK  i 


amplitude)  is  the  result  ol  a  change  in  the  siirtace  normal  (a  slope  break)  As  ilie 
existeiKe  ot  this  edge  is  a  tunciion  onl\  ol  the  ^urtace  and  not  the  look  diKciion  its 
presence  in  the  image  is  independent  ol  view  direction  I  heietore  the  presence  o|  edges 
can  be  used  as  the  matching  IcMtme  Funhei  letinemcnl  in  ilie  matching  piocess  can  he 
made  by  noting  that  foi  unitorm.  com  luiousl)  dittercnliable  surtaecs  lamong  wluch  ihc 
seatloor  must  qualily)  mtlcctions  (resulting  in  edges)  are  ot  onl\  l\co  i\pes  coik.oo  and 
convex 

In  the  profile  shown  m  I  igiire  2  depicting  schomaticallv  a  depth  ptotile  across  a 
graben  siructuie  the  inllcclion  point  at  A  is  univev  upward  while  that  at  poini  It  is 
voncave  upward  If  we  let  shadows  and  weak  reflectors  be  light  and  '■tiong  retleaois 
daik  as  we  do  when  piesenting  SeaMARC  II  acoustic  imagorv  then  a  dai  k  to  light  edge 
iransitK'ii  will  always  represent  a  concave-upwaid  surtace  and  a  liglit  to  elark  hansition 
will  alwaxs  icpresent  a  convex  upward  break  incspoctivc  ol  ihe  due  .lion  We  m.o 
iheielore  match  lealurcs  on  both  the  existence  and  tvpe  ot  edges 

Adiaitledlx  the  lorcgoing  presumes  that  all  image  edge  le.auics  au  die  icsylt  . 
changes  in  slope  Cleulx  this  is  not  the  case.  Xdiacciu  suitaces  oi  distnK'  u  'u  ,  , 
inipedaiKo  Ol  surlacc  loughncss  will  equallv  well  eciieiak  nitaec  ede  ^  h,.  >  e 

cliiiiuc  {Voiantx  with  a  change  in  the  ducctn'n  o  w)'k!i  li 
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as  the  images  are  discrete,  by  definition  ail  nonidentical  pixel  transitions  will  yield  image 
edge  features.  However,  by  limiting  our  application  of  this  edge-matching  technique  to 
regions  where  the  assumption  of  surface  uniformity  is  viable,  and  by  setting  an  edge 
strength  threshold  that  any  candidate  edge  must  exceed  to  winnow  out  the  digitization 
discontinuities,  we  can  safely  treat  all  edge  features  as  indicative  of  breaks  in  surface 
f  slope. 

Our  final  criterion  for  matching  edge  features  is  depth  Although  this  is  the  quantity 
we  were  solving  for,  it  is  also  an  effective  discriminant  Like  all  side-scanning  systems, 
ScaMARC  II  produces  nominally  corrected  imagery  by  assuming  the  terrain  is  flat 
athwartships  and  at  a  depth  equal  to  that  beneath  the  lowfish  The  cross-track  pixel 
position  is  derived  by  the  system  from  the  nadn  depth,  the  slant-range  travel  time,  and 
I  the  Pythagorean  theorem  We  can,  therefore,  for  any  edge  at  some  cross-track  pixel 

location  X,  invert  for  the  actual  slant  range  to  that  edge  The  possibility  of  (unknown) 


Figure  2.  Schemaiic  illustration  of  logic  used  in  reconstnicting  bathymetry  from  overlapping, 
distorted  side-scan  images  Because  of  the  flat  bottom  assumptions  of  the  data  acquisition  sys¬ 
tem  (Blackinton  et  al  ,  1982),  images  of  any  topographic  features  such  as  this  graben  will  be 
distorted  Point  B  will  be  imaged  at  point  Bl  when  the  system  is  at  position  1  and  at  }X)int  B2 
when  the  system  views  the  feature  from  the  opposite  look  direction  at  point  2  Knowledge  of 
nadir  depth  on  a  ping-by-ping  basis  allows  exact  recalculation  of  the  true  slant  range  to  an> 

reflector  Any  qualifying  feature  is  swung  along  an  arc  of  possible  locations  yielding  the  t 

correct  depth  and  cross-track  position  al  only  the  match  point  Matching  is  based  on  edge  i 

detection  and  type,  as  described  in  the  text  thus  resolving  the  look  direction  amhiguits  ilius-  I 

irated  in  Figure  I  | 


icting  bathymetry  from  overlapping, 
impiions  of  the  data  acquisition  sys- 
features  such  as  this  graben  will  be 
^tem  1$  at  position  1  and  at  point  B2 
direction  at  point  2  Knowledge  of 
dtion  of  the  true  slant  range  to  any 
ot  possible  locations,  yielding  the 
.  point  Matching  is  based  on  edge 
g  the  look  direction  ambiguity  illus- 


Figure  3.  Test  of  edge-matching  algorithm  on  synthetic  data  The  profile  at  the  bottom  depicts  a 
bathymetric  model  of  a  graben.  which  drops  from  3500  to  4100  m  There  is  no  vertical  exagera- 
tion  The  two  images  on  the  left  and  right  are  synthetic  side-scan  images  generated  from  the 
bathymette  model  and  a  simple  reflectance  rule  The  bathymetric  map  m  the  middle  is  the  result  of 
applying  the  edge-matching  algorithm  to  the  two  synthetic  images 

cross-track  topographic  relief  makes  the  position  of  this  edge  ambiguous  We  alleviate 
this  ambiguity  by  swinging  an  arc  up  and  down  about  the  original  position  along  a  radius 
of  curvature  equal  to  the  known  slam  range  Should  this  arc,  associated  with  our  dC' 
tcctcd  edge,  intersect  another  arc  from  an  opposite  look  direction  associated  with  an 
edge  of  similar  type,  a  potential  match  is  indicated.  Should  the  depths  calculated  from 
the  two  slant  ranges  and  the  coincident  cross-track  position  X  be  equal  within  a  selected 
margin  of  error,  a  match  is  signified  and  a  depth  value  output 

A  Test  of  the  Algorithm:  Synthetic  Imagery 

In  this  section  we  demonstrate  the  efficacy  of  our  algorithm  on  synthetic  imagery  gener¬ 
ated  from  a  specified  terrain  model  The  model  we  use  is  of  a  symmetric  graben.  which 
drops  from  3500  to  4100  m  with  a  slope  of  1  in  3  Wc  generate  synthetic  side-scan 
imagery  from  this  model  by  specifying  a  lowfish  position  and  heading  and  defining  a 
rcficcttvuy  model.  For  this  test,  a  particularly  simple  model  is  used  which  specifics  that 
a  surface  is  black  if  it  is  sloping  away  from  the  source,  gray  if  it  is  flat,  and  white  it  it  ts 
facing  the  source  Tn\'o  overlapping  images  are  then  generated,  for  paiallel  tracks  A  and 
B  south  and  north  of  the  graben,  respectively  Figure  3  shows  at  the  bottom  a  profile 
across  the  bathymetric  model  of  the  graben  and  on  the  left  and  right  the  two  synthetic 
images  generated  from  this  terrain  model  and  our  reflectivity  function  We  arbitrarily 
specify  the  directions  “up*’  and  “down”  for  purposes  of  the  algorithm 

Note  that  the  images  from  the  two  tracks  are  negatives  and  that  they  are  both 
distorted  due  to  the  flat-bottom  assumption  made  by  both  real  systems  and  our  model 
sidc-scan  system  Facing  surfaces  arc  compressed,  while  shadowed  surfaces  are  elon¬ 
gated  in  both  cases,  the  graben  floor  is  compressed  and  displaced  however,  the  edge 
types,  as  defined  by  the  image  amplitude  transitions  at  the  inflection  points,  are  invariant 


Figure  5.  A  concatenation  of  the  bathymetry  data  in  Figure  4  and  the  points  produced  by  the 
application  of  the  edge-matching  algorithm  to  the  overlapping  portions  of  the  images  m  Figure  1 
as  described  in  the  text 
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under  change  of  perspccUve.  The  down-dropping  inflcclion  points  at  the  top  of  the 
graben  (being  convex  upward)  always  produce  dark-to-light  transitions  yielding  a  type  1 
edge,  and  the  bouom  turning  points,  being  concave  upward,  always  produce  lighl-to- 
dark  transitions,  or  a  type  2  ^ge.  The  sense  of  the  intensity  transition  must  be  measured 
in  the  direction  of  ensonification,  hence  the  necessity  of  reference  to  "downward”-  and 
"upward”-lookmg  tracks. 

The  image  in  the  middle  of  Figure  3  is  the  bathymetric  map  resulting  from  applica¬ 
tion  of  our  edge-matching  algorithm  tc  .he  two  synthetic  images  It  recreates  the  original 
bathymetric  model  to  within  20  m  The  d’  inces  are  due  solely  to  round-off  errors 
occurring  in  the  toincations  necessary  to  yield  the  integral  x  and  y  estimates  required  for 
addressing  the  gridded  data  sets  We  postulate,  therefore,  a  theoretical  resolution  of  this 
technique  on  the  order  o(2N,  where  N  is  the  dimension  of  the  square  grid  cell  of  which 
the  imagery  is  constituted.  Typical  values  for  N  could  be  in  the  range  of  20  to  50  m  for 
standard  SeaMARC  H  data. 

Tests  on  Real  Data 

The  stde-scan  imagery  shown  m  Figure  1  provides  us  with  data  for  our  real  test  of  the 
cdgc-matching  algorithm  Figure  4  shows  the  SeaMARC  11  bathymetry  from  the  two 
tracks.  Nadir  water  depths  .'.re  'he  range  of  1  to  2  km  As  described  in  the  introduc¬ 
tion,  the  lateral  extent  “f 'he  ha'hymciric  coverage  is  restricted,  and  a  data  gap  occurs. 
In  the  midst  of  this  data  ga.,  the  »/ie-scan  images  both  show  a  fault.  The  down-thrown 
block  appears  to  be  to  :ne  south,  so  that  the  fault  scarp  resulting  from  the  normal 
component  of  the  fauK  inc»u>  u  illumm'i:''d  (dark)  in  the  )c  ver  image  (looking  up)  and 
shadowed  m  the  upper  image  .Ir.jhng  down). 

The  images  from  Ix'ih  track:  were  separately  mosaicked  into  a  common  grid  A  data 
structure  was  defined  for  this  'ilogriihm  i.iat  allows  contributions  from  opposite  look 
directions  to  the  same  mosaic  grid  cell  to  be  kept  separate.  For  every  cell  within  the 
image  region  defined  h;  an  .Y,  Y  coordinate  pair,  there  arc  bins  for  detected  edges  from 
the  "up”  and  "down”  look  oircc.ions  In  this  example,  the  edge  detection  threshold  was 
set  at  64  The  angular  mngc  labo  n  *he  mp’o  at  which  the  edge  was  detected  in  the  "flat- 
bottom”  image)  through  whicn  tnc  uciccied  edges  were  swung  was  set  at  15®  Finally, 
the  depth-matching  criterion  was  set  at  20,  requiring  that  only  edges  for  which  the 
calculated  depths  at  one  c^'ll  differed  by  less  than  20  m  be  used  The  result,  conc'itenated 
with  the  original  SeaMARC  11  bathymetry,  is  shown  in  Figure  5 

Although  the  bathymetric  points  generated  by  the  edge  feature-matching  algorithm 
are  admittedly  sparse,  they  are  sufficiently  coherent  both  spatially  rnd  vertically  to 
map  the  location  and  topography  of  the  major  fault  seen  in  the  side-scan  images 
Bathymetry  data  were  not  available  from  another  source  to  verify  the  ac«''vicy  of  these 
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Tht  recent  growth  .n  the  production  rate  of  digital  side  scan  sonar  images,  coupled  with  the  rapid 
expansion  of  systematic  seafloor  exploration  programs,  has  created  a  need  fur  fast  and  quanl'ti^'.ive 
means  of  processing  seatioor  imagery  Computer>atded  analytical  techniques  611  this  need  A  number 
of  numerical  techniques  used  to  enhance  and  classify  imagery  produced  by  SeaMARC  II,  a  long-range 
combination  side  scan  sonar,  and  batiiymetnc  sealloor  mapping  system  aie  documented  Three 
categories  of  techniques  arc  presented  (1)  preprocessing  corrections  (radiometric  and  geometric),  (2) 
feature  extraction,  and  (3)  image  segmentation  and  classification  An  introduction  to  the  co'-cept  of 
“feature  vectors"  is  provided,  along  with  an  explanation  of  the  method  of  evaluation  of  a  texture 
feature  vector  based  upon  graydevel  eo-oceurrence  matrices  (GLCM)  An  alternative  to  the  a  priori 
texel  (texture  element)  subdivision  of  images  is  presented  in  the  form  of  region  growing  and  texture 
analysis  (REOATA)  This  routine  provides  a  texture  map  of  spatial  resolution  superior  to  that  ob* 
valuable  with  srbitranly  assigned  texel  boundaries  and  minimizes  the  possibility  of  mixed  texture  sig¬ 
nals  due  to  the  combination  of  two  or  more  textures  in  a''  arbitrarily  assigned  texel  Computer 
classification  of  these  textural  features  extracted  via  the  GLCM  technique  resulw  m  transformation  of 
images  into  maps  of  image  texture  These  maps  may  eithei  be  interpreted  in  terms  of  the  theoretical 
relationships  shown  between  texture  signatures  and  wavelength  or  converleu  to  geologic  maps  b) 
correlation  of  texture  signatures  with  ground  truth  data  These  techniques  are  applied  to  SeaMARC 
11  side  scan  sonar  imagery  from  a  varicvy  of  geologic  environments,  including  lithified  and  nonlithified 
sedimentary  formations,  volcanic  and  sedimentary  debris  flows,  and  crystalline  basalln.  outcrops  Ap¬ 
plication  of  the  above  processing  steps  provided  not  only  supenor  images  for  both  subjective  and 
quantitative  analysis  tut  also  the  critical  ability  to  discnminalv  between  outcrops  with  distinct  litho¬ 
logies  but  similar  image  intensity 


I  Introduction 

Side  scan  sonars  have  disclosed  the  location  and,  to  some 
extent,  the  morphology  of  seafloor  features  but  have  provid¬ 
ed  little  of  the  type  of  quantitative  information  necessary  for 
lithologic  identification  This  quantitative  imprecision,  m 
contrast  to  the  successes  presently  being  enjoyed  by  the  ter¬ 
restrial  remote  sensing  groups,  stemmed  chiefly  from  techni¬ 
cal  hardware  problems  resulting  in  a  lack  of  seafloor  image 
fidelity  Now,  however,  the  application  of  objective  digital 
image  processing  techniques  to  images  of  superior  quality 
and  uniformity  makes  possible  a  more  quantitative  approach 
in  the  analysis  and  interpretation  of  synoptic  seafloor  im¬ 
agery 

In  this  report  a  suite  of  digital  processing  techniques  for 
the  correction,  enhancement,  and  classification  of  sonar  im¬ 
ages  IS  presented  Although  these  techniques  are  described 
m  reference  to  the  long-range  Sea  MARC  II  (Sea  Mapping 
and  Remote  Characterization)  system  with  whi  h  trie  images 
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shown  here  were  acquired,  they  are  equally  applicable  to 
other  digital  side  scan  sonar  data,  including  images  from 
-lioil-iange  svvtcms  Pinally,  applications  of  these  tech¬ 
niques  m  tlie  eiihanctmenl  and  classification  of  a  vaiietj  uf 
seatlooi  images  aie  piesentcd 

I  1  Previous  WoiL 

Peitiiicnt  m  digital  image  pioccs«:ing  is  voluminous 
I'Acellent  levitw  text--  co\eung  genera!  theory  os  well  as 
diverse  applications  include  Pmlt  [1978],  Andidi'S  [1968], 
Itoscnftld  and  hak  jl982j,  and  BalUrd  and  Brown  jl982j 
Methods  dimily  applicable  to  leinote  sensing  data  arc 
presented  by  6</40«'fnjfrch  jl98v5'  Iloid  [1982],  and  Moth 
[1980]  Dudo  and  Haii  [1973]  piesont  a  classic  text  on  pat- 
lein  lecognitfii  Ihirtigart  |l975)  develops  the  genera! 
llicoiv  and  jiHients  many  FORTRAN  algorithms  for  cluster 
aiuly'-is 

Bickgiouud  woik  fur  sonars  and  underwater  acoustics  in 
geaeial  aie  piovided  b)  Viick  |1983j  Tyce  [1986]  and  de 
Mov^tter  |l98b  piovide  uj>  to  date  levicws  of  acoustic 
swath-mjppiiig  svsteai'v 

handei')  and  ( lay  11968]  jirovided  an  carl)  review  of  side 
f<an  soiiai  tc<]iniqiu'=i  and  the  pioblcnis  inherent  m  using 
Jiulog  rti'-iding  ami  display  Mvdie  et  al  [1970]  produced 
iU‘»j)«’il>  mjIhI  '■ule  Han  images  using  transponder  naviga- 
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,Uon,andlvariable  speed  playback  of. images  rerord^  on-FM' 
magneifc-Upe,  'Belderson  el  ai..|l972|‘produced-an  album  of 
^nbgmphs '  corrected’ fo^  al6ng*track  v^iations  with  an' 
dnamorpHiC'-c^e^,  flemminj,|i97$|,  presented  a.^itc.of 
manual  wr'rectioh- techniques' for  removing  im^e  distortions 
using  nomograms  and  distortion  ellipses. 

Palvzn  jl^e)  and  el  cl.  (1976)  provide  a  first  ac¬ 
count  of  the  application -of  digitaHmagc  prqc^ng  tech¬ 
niques  to  side  kan' sonar 'images.  Prbc^ng  opemtidhs  in¬ 
cluded  analog-.t^digital  conversion,  partial  'geometric 
rectifications,  •  contrast  enhauccmcrit,  and  •  various :  filtering' 
operations.  Walker  |1978),  Cfi^ord  |i^79),  and  Prior  et  al 
[1979]  presented  difierent' meihc:.  of  ' producing  ground 
speed  correct^  'and 'geometrically.  recUned  sonar-  jmag^, 
although  noi  all  are  digitally  ,b«ed.  Lovenstein  et  «l,dl980j 
emphasized  the  imj^rtance  of  producing  '‘mosaics"  consisUng 
of  overlapping  passes  through  ah  area  and  streised  the 
necessity  of  georhetnc  and  navigational  corrections  m 
rendering  these  mosaics  meaningful.  TeUki  et  al.  |l98ll  also 
produced  corrected  mosaics  but  stressed  that  total  geometric 
correction  would  require  knowledge  of  bathymetric  informa¬ 
tion  on  a  pixel  by  pixel  basis,  which  was  not  available  to 
them  More  recently,  Luytndyk  et  al.  11983)  described  the 
results  of  subjecting  digitized  side  scan  images  to  the  Video 
Image  Communication  and  Retrieval  (VICAR)  imj^e  pro¬ 
cessing  system  at  California  Institute  of  Technology’s  Jet 
Propulsion  Lab  Farre  and  Ryan  (1985)  attempted  to  pro¬ 
duce  stereo  side  scan  pairs  from  Sea  MARC  1  imagery, 
although  they  seem  to  have  been  caught  m  the  tautology  of 
geometric  corrections  based  upon  bathymetry  which  was 
derived  from  interpretation  of  un-corrected  side  scan  data 

Finally,  in  the  way  of  quantitative  image  analysts  and 
pattern  recognition.  Pace  and  Dyer  (1979)  conducted  an 
analysis  of  seafiooi  imago  texic.e,  b^iscd  on  ihc  ine.isurement 
of  second-order  gray-level  sUUstus  of  the  image  Dy  com¬ 
bining  tiansfoimalions  of  then  own  deiivaliyn  with  those 
previously  utilized  in  the  analysis  of  snbaeiiaf  imagery 
[Harahek  et  al,  1973),  they  were  able  to  distinguish  a 
number  of  known  sedimentaiy  bottom  types  with  greater 
than  65%  confidence  P.evt  et  (2i[l98Sj  demonstrated  an 
ability  to  distinguish  imagery  o^  six  classes  of  homogeneous 
sediment  type  (m".d,  clay,  sand,  gravel,  cobbles,  and  bould- 
eis)  on  the  ba»s  of  image  cepstial  {\o^  ot  the  image  power 
spectu  m)  analysis 

12  The  SeaAtAIh  //5ya/fm 

SeaMARC  11  combines  a  conventional  side  scan  sonar  with 
a  bathymeiric  mapping  system  in  a  single  unit  towed  at 
depths  ot  100  m  or  less  at  speeds  up  to  10  Knots  (5  m/s)  In 
water  depths  greater  than  1  km,  the  astern  produces  10  km 
wide  data  swaths,  permitting  100%  coverage  of  over  3000 
km  of  seafloor  per  day  A  complete  ^stem  description  is 
given  by  Blacktntoii  et  at ,  jl983j 

Two  p<irallel,  inclined  arrays  are  mounted  on  each  side  of 
the  SeaMARC  11  towfish  The  pert  arrays  operate  al  11  kHz 
and  the  starboard  at  .2  kHz  to  minimize  cross-talk  By  as¬ 
suming  a  nominally  flat  bottom,  and  calculating  the  rate  at 
which  the  outgoing  pulse  w.ll  have  swept  the  bottom  for 
''ross-track  distances  from  nadir  to  5  km  athwart^ips  the 
returning  signal  is  divided  into  1024  unequal  inteivals  of 
time,  each  representing  a  S-m-w’de  swath  of  the  seafloor 
Sairplmg  rates  are  high  for  the  ncar-naor  pixels  and  de- 


PiS.  1.  Angular  deptndtnee  of  the  stiength  of  signal  laekscattned 
from  tht  bottom  as  a  function  of  angle  of  Ineidt&ce  at  vartous  fre¬ 
quencies  [after  lh(tfi9itkdK  end  Lytanov,  1982,  Figure  I3li  (s) 
scattering  from  a  smooth  bottom,  (t)  scsttering  from  a  very  rougb 
bottom 

/ 

crease  in  proportion  to  the  ccsine  of  the  grazing  angle  If 
the  seafloor  is  in  tact  flat  acrc«s-tutk,  then  this  process  will 
produce  an  image  that  is  gcometiically  coirect  in  hvazontal 
range,  but  for  ray  bending  effects  Cross-tiack  topogiaphn. 
variations  will  however,  lesult  in  image  distortion  Specifics 
of  this  type  of  distoition,  and  lemedies  foi  it.  are  presented 
in  section  2 

The  along-track  distance  between  sonai  pulses  will  be  . 
function  of  the  ship's  speed  and  the  pulse  upetiUon  latc 
Al  a  typical  rale  of  1  pube  per  10  s,  and  a  ship  speed  uf  ' 
knots  (4  m/s),  this  spacing  is  appioximately  40  m  The  liii 
spacing  IS  used  as  the  nwninal  along-lrack  pixel  dimensio 
lor  the  side  scan  data,  yielding  a  digital  image  willi 
tbeoret  cal  ground  resoluUon  of  5  by  40  m  We  stress,  how 
ever,  that  the  area  of  the  seafloor  ensonified  during  cac 
pulse  IS  generally  much  gieater  than  the  assumed  si..e  of  th 
pixel,  particularly  m  the  along-track  direction  The  effect  < 
this  approximation  is  discussed  below 

Three  types  of  amplitude  gams  are  applied  to  th 
SeaMARC  11  side-  scan  data  The  first  is  a  time  varym 
gam  (TVG)  which  is  intended  to  correct  for  cyhndric 
spreading  attenuation  proportional  to  the  inverse  of  tl 
square  of  the  travel  time  of  the  acoustic  wav*^  and  absc-r; 
tion  of  the  Signal  in  the  water  where  a  is  the  abson 

tion  coeflicient  and  t  is  time  \Unck,  1983])  The  second 
an  angle  varying  gam  (AVG)  which  is  intended  to  coirect  f- 
both  the  nonuniformities  m  the  transmitted  beam  pattei 
and  the  change  m  backscattered  signal' mtensitx 
different  grazing  angles  ^Figure  1)  These  ■  mt.  ,n(  > 
plied  automuticallv  ami  .no  not  subjtvt  t'>  opcij-i.ii  miti 
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tidn  The  final  gam  is  a  scaling  factor  which  is  c^trolled  by 
the  operator  m  response  to  the  linage  quality  on  the  ship’s 
'  rirbniidr  recorders. 

The  gumptions  that  the  s^flcwrls  flat,  that  the  length 
of  the  ^flbor  ehkmfied.by  any, portion  of  the  beam  is  ^e 
pr^uct'of.the’mter-pmg  period- and', the  speed  of  the 'ship, 
and  that  toe'  gains  have  all  been.applied 'correctly,^  ^1 
corhprqmises  that  produce  a  distorted  image  of  the  seafloor 
Our  preprocessing  steps  seek  to  correci  and  minimiae/the^ 
distortions,  examples  of  which  are  presented  later  in  this  pa¬ 
per. 

The  SeaMARG  !I  bathymetric  information  is  acquired 
through  the  same  transducers  as  the  side  scan  data  but  is 
procc^  with  different  hardware  and  software.  On 
transmission  the  transducer  pairs  on  each  side  of  the  towfito 
are  driven  in  parallel  On  reception,  each  row  in  the  pair  is 
sampled  independently  Therefore  any  signal  incident  upon 
the  transducer  at  any  angle  off  normal  to  the  transducer  face 
IS  detected  at  the  two  rows  with  a  different  phase  lag,  from 
which  the  depression  angle  0  of  the  reflector  is  calculated. 
By  measuring  the  round  trip  travel  time  and  assuming  a 
sound  speed  of  ISOO  m/s,  the  slant  range  i?  to  toe  reflector 
can  be  calculated.  These  values  for  /?  and  0  are  converted 
to  across-track  distance  and  depth  for  each  reflector  and 
contoured  to  produce  a  bathymetric  map.  Absolute  accura¬ 
cy  of  2-3%  of  the  water  depth  is  nominal,  relative  accuracy 
18  significantly  better 

I  3  Ohjtetivtn 

In  this  report  the  original  side  scan  sonar  data  have  been 
slant  range  corrected  to  a  nadir  reference  datum  to  pro<luce 
images  wherein  the  along-track  and  across-track  scales  are 
equal  Ship  navigation  has  been  merged  with  side  scan  pixel 
data  to  produce  images  free  of  distortions  due  to  variable 
lowing  velocity  Examination  of  towfish  altitude  data, 
recorded  every  second,  indicates  that  sensor  pitch,  roll,  and 
yaw  are  o'  small  magnitude  and  vary  slowly  for  the  images 
under  consideration,  and  hence  present  only  minor  distor¬ 
tions  However,  for  the  production  of  multi-image  mosaics, 
total  correction  of  attitude  variations  is  applied,  and  the 
data  arc  converted  from  a  "line  and  pixel"  coordinate  system 
to  a  Universal  Transverse  Mercator  projection  Given  the 
above  m  combination  with  the  SeaMARG  II  bathymetry  as 
the  standard  SeaMARG  II  data  set,  our  objectives  are  three¬ 
fold  (I)  to  produce  from  the  raw  images  a  data  set  which  is 
a  geometrically  and  radiometncally  correct  representation  of 
the  seafloor,  (2)  to  extract  from  these  corrected  images  sta¬ 
tistical  features  that  can  be  recognized  by  a  computer,  and 
(3)  to  use  these  features  to  classify  the  images  into  regions  of 
distinct  acoustic  and,  hopefully  lithologic,  texture 

In  order  to  implement  these  oDjectives,  the  processing 
Slops  include  three  classes  of  operations  (1)  preprocessing 
corrections,  f”'  feature  extraction,  and  (3)  image 
classifii.-ation  .he  desiKtl  result  is  a  thematic  classification 
of  the  images  based  ujion  a  concatenation  of  statistical  im¬ 
age  features  with  ground  truth  data 

2  r'RErKaEssIN'j  COKRECTIONS  APFUED  TO 
Sea  hUllO  II  Data 

A  tide  ''fan  sonar  image  is  a  two-dimensional  display  of 
pixeh  each  with  an  associated  intensity,  which  attempts  to 


model  a  physical  realization  of  a  four-dimensional  process, 
namely,  the  intciaction  of  sound  with  the  seafloor  The  di¬ 
mensions  of  the  process  are  the  three  Cartesian  coordinate 
of  space,  which  give  the  position  and  orientation  of,  any 
reflector  wito  respect  to  the  sonar,  and  the  fourto  dimension 
of  Rustic  character  (acoustic  impedance  and  roughness) 
The  image  is  an  approximation  of  the  bottom  with  various 
sources  of  errors.  Preprocessing  coirections  should  produce 
an.  image  that  is  geometrically  and  radiometncally  correct 
Being  geometrically  corre-st  implies  that  features  are  m  their 
c^rrectiocations  and  represented  by  the  same  spatiai  distri¬ 
bution  of  picture  elements  irrespective  ol  the  slant  range  at 
which  they  are  imaged.  Be.ng  radiometncally  correct  im¬ 
plies  that  ail  contributions  nov  indicative  o!  actual  changes 
m  bottom  acoustic  character  have  been  removed.  Only 
when  these  two  cutena  aie  met  can  meaningful  subjective  or 
quantitative  interpretations  bo  conducted. 

2  1  Radianct  TransformaUons  Background  SubtracUort 

Three  image  radiometric  artifacts  are  common  to  many 
side  scan  images  (Figure  2)  The  first  is  the  irregular  band 
of  high  intensity  pixels  nearest  to  the  ship’s  track 
(SeaMARG  II  plots  strong  reflectors  as  dark  and  shadows  as 
light,  toe  images  appears  as  negatives)  The  high  intensi¬ 
ty  of  these  pixels  is  due  to  the  contribution  from  near  nor¬ 
mal  incidence  specular  and  subbottom  returns,  which  will 
only  occur  within  the  first  few  decrees  from  nadir  The 
second  artifact  consists  ol  lines  of  hig  i-inlensity  pixels  paral¬ 
lel  to  the  ship’s  track  which  represent  surface  reflections  of 
the  first  bottom  echo  The  lines  nearest  the  ship’s  track  are 
peg'leg  (down  to  the  bottom,  up  to  the  surface,  and  back 
down  to  the  towfish  again)  multiples  Similar  dark  linear 
features  roughly  parallel  to  the  peg-legs  but  at  the  outside 
edges  of  the  image  are  the  first  bottom  multiples  The  pres¬ 
ence  of  multiples  m  the  image  indicates  a  nadir  bottom  that 
IS  smooth  of  the  order  of  the  ensonifymg  wavelength  (12 
cm) 

The  third  artifact  is  the  swath  of  low-inlensily  pixels 
parallel  to  and  locateil  ajiproximately  3  km  athwartships  of 
the  ship’s  track  on  the  starboard  side  This  diminution  of 
intensity  is  caused  by  an  irregularity  in  the  beam  pattern, 
which  the  angle  varying  gam  (AVG)  has  not  been  able  to 
correct  The  AVG  is  designed  to  correct  for  beam  pattern 
irregularities  and  the  variation  of  backscatter  intensity  due 
to  change  m  the  angle  of  incidence  over  a  uniform  bottom 
(namely.  Figure  I)  However,  system  problems  or  significant 
differences  between  the  bottom  being  surveyed  and  the  bot¬ 
tom  from  which  the  AVG  was  designed  can  lesult  in  severe 
image  degradation  CAavecjlOSOj  reported  similar  problems 
and  a  potential  solution  for  side-looking  aiil>oine  radai 
(SLAR)  imagery  We  have  developed  a  different  method 
here  which  results  m  the  rectification  of  the  shading  problem 
as  well  as  the  multiples  and  specular  artifacts 

In  our  method,  a  parameter  set  is  calculated  foi  both  jiort 
and  starboard  sides,  consisting  of  an  average  pixel  intensity 
(Figure  3a)  for  strips  of  the  images  representing  strips  of  the 
bottom  which  would  be  subtended  by  0  25*  bins  of  the 
beam  athwartships  These  strips  parallel  the  tiack  of  (he 
shipand  span  the  range  of  angles  from  nadii  to  the  least 
depression  angle  These  averages  should  be  taken  along  a 
representative  portion  of  a  mosaic  so  that  variations  in  iV 
due  to  local  geologic  variatims  will  cancel  The  transfer- 


K<s.  '2  SesMARC  II  S)<it  snn  Irnss*.  cont»!nin{  thm  typc5  of  errors  (1)  high  ainplitode  ntar  n^jit  sp(>  ular  ru«jrnti 
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ty  team  pattern. 


mation  is  accomplished  by  raulUplymg  every  pixel  in  the  im¬ 
age  located  at  angle  increment  i  by  a  factor  where 

Pi^iV/Wi  (I) 

and  IV  1$  the  average  in^nsity  v?iuc  of  the  entire  image 
under  consideration  and  IV^  is  the  average  intensity  at  the 
angle  i*  25'  Comparison  of  F.gures  2  and  3b  sliows  the 
lesutt  of  this  transformation  The  minimization  of  the  three 
aitifacts  IS  evident,  while  the  true  geologic  features  are 
minimally  affected  We  refer  to  this  ooiietttcm  as  “back- 
giound  subtraction*  as  it  is  largely  a  lorcection  based  upon 
removal  of  the  average  image  background  In  aieas  of  rel.t- 
lively  constant  along-track  gedlogy,  the  piocessing  steps 
mvloved  m  generation  of  the  paramelei  sets  may  also  allow 
a  means  of  estimating  the  angle-vanant  backscaltering  func- 
tion  of  the  surface,  such  as  seen  before  in  Figure  I 
Chau:  (1986}  suggests  a  similar  operation  based  upon  cal¬ 
culation  of  the  along-track  average  of  each  pixel  column  (e  g 
1</<98‘I  )  Clearly,  as  the  piobtems  which  this  Uxtinique 
seeks  to  correct  are  angle  variant,  his  method  vviH  *rfilv  v%«.jk 
for  data  from  constant  water  depth 
Our  method  assumes  that  variations  in  pixel  intensit\  due 
to  geologic  variability  will  be  randomly  distributed  reiatne 
to  the  track  of  the  stiip  and  thus  -vld  destnicticelv  nj  Mio 
ivengt'  as  long  as  the  data  set  i<?  sulfintntlv  ltis;e  V  n* 


paraineUr  sets  aie  normalized  by  the  overall  average  of 
linage,  the  gam  of  the  filter  is  independent  of  the  geolog 
original  gam  settings  However,  spurious  features  relate* 
the  operating  svsteni  occur  at  fairly  fiXc  1  depression  anj 
adding  constructively  in  the  along-track  summation, 
yielding  estimates  of  systematically  induced  cross-tj 
errors  (lenie  the  specular  reflections  (constrained  to  n 
nadir  positions),  the  peg-leg  multiples  (constrained  t 
cress  tiack  distance  proportional  to  twice  the  fish  dep 
the  suiface  multiples  (constrained  to  a  depr^ion  angh 
and  the  beam  pattern  vanat'ons  (by  definition  a  fi 
Uon  of  angle  and  ray  path  bending)  will  all  contriL 
significantly  the  average  cross-track  profile  One  cav 
lo  this  method  is  that  it  docs  not  take  into  account  r^  p 
bending,  so  that  a  parameter  file  generated  from  a  shal 
v>atei  botU-m  would  not  be  appropriate  foi  images  li 
'igiuficaiitl)  (  1000  111)  ileepei  w  lU'is  oi  uif  v»rs.t  A  - 

pie  x-*Jution  t.'  this  piolileiu  wiinh  v,t  v  1j.  gun'; 

ji.iiauieloi  fill''-  \ei  Uie  i  iitge  'f  dcpifis  *  K>'iinl-«'ie<l  tii 
ujv*v  iie.i  juU  •  '  uide\  Ujcm  h\  di.pth  -o  Ui.it  Uu*  i«‘‘i. 
ill  \  ic  eto  i’hiu  ac-  a  h-'k-tip  Ul>k‘  <>n  tin*  b  iss  of  tin.  n  i 
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toifcctioa  deals  with  pixels  which  have  We't  pl.ttni  at  llu* 
iiicoimt  cross  track  dist.ince,  a  phciK-tiieii'  n  kii“wn  as  "lav 
ovei*  to  the  .niliofiie  retiiote  sensing  voniiuumtt  lU-tletlcd 
side  sc.in  tiala  fi  ini  Mill  'ping*  (outgoing  pulse)  aie 
.utjiiired  se<iuentiall>  in  time,  le  ,  Imeai  m  -lanl  lajige  ‘IV 
coiwerl  this  clO'^s-Uaik  "slant  range"  image  u*  a  plan  pei- 
spt\tive  wilhvul  *  piKii  knowledge  4  the  U-U'-m  to|»ogia 
pliv  requires  that  >,'nc  .lisum*'  that  uons  u  uk  i>.'jK.-giaplin 
vaiiations  alK'Ut  lefeieme  cialuin  ti-uilh  (he  nadit 


depth,  ate  tnsignifieant  The  cross*tiack  pv'sitiyiis  of  the 
pixels  are  estimated  fiom  knowledge  of  the  tuisel  time, 
appioxuuali' sound  veic<.iti,  vxnd  nadn  depth  \iolation  «^f 
this  Oat  hottom  assumptiou  often  happens,  will  le^uU  m 
toiwgiaphic  fejtuies  1/eing  mcxtirectly  postlioiud,  oi  "laid 
over"  (Tiguie  1)  Because  A  this  flat  liottom  .issuiuplion, 
leflectious  fioin  {Vjirits  A  and  B  m  Figme  i.  irpie'«nitmg 
off-nadii  ijoughs  and  peak*  aie  eiioiiivuslv  o.d.ited  along 
aic^  of  ladu  equal  l«  then  slant  ^allg^^  h*  {xmii''  A  ind  (J 
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Fi|.  i.  Sl*nl-  rtnse  «orr«tlon  <tcm<tr/.  Nom!ii»|  $ImI  rtn^e  cormtion  ft5sum««  th»t  (he  bottom  is  fl»t  (reference  dv 
turn).  Topographic  dcYlallons  from  this  reference'  datum  will  cause  features  to  be  imaged  incorrecti*.  as  shown  by  the 
compression  of  the  (nward'sloplng  faces  of  the  trough  and  cliff.  See  te'ct  for  details. 


on  the  reference  datum  and  ccnso^uentty  are  imaged  $pun« 
ously.  As  a  result,  the  inward  sluing  faces  of  the  trough 
and  cliff  have  been  foreshortened,  and  their  boundaries  have 
been  misplaced. 

This  displacement  is  contradictory  to  our  experience  from 
photographic  aerial  imagery,  wherein  the  taller  objects 
appear  to  lean  outward,  away  from  the  viewer.  Further¬ 
more,  this  distortion  becomes  more  significant  closer  to 
nadir,  again  at  odds  with  our  experience  with  aerial  imagery 
in  which  the  distortion  decreases  with  a  decrease  in  paralax 
view  angle.  Finally,  in  mosaics  containing  parallel  tracks 
with  opposite  look  directions,  similar  topographic  features 
seen  in  different  tracks  will  be  displaced  in  opposite  dlre^ 
tions,  resulting  in  difficulties  in  coregistration,  not  to  men¬ 
tion  any  quantitative  analysis 

As  an  example  of  the  magnitude  of  this  effect,  consider  an 
abyssal  hill  rising  200  m  above  a  reference  datum  of  2500  ro 
water  depth,  and  located  2500  m  athwartships  The  flat 
bottom  assumption  will  cause  the  peak  of  the  hill  to  be 
imaged  200  m  closer  to  the  track  than  it  actually  is  This 
distortion  increases  with  water  depth  and  depression  angle, 
so  that  the  same  hill  at  a  reference  datum  of  5000  m  water 
depth  would  be  misplaced  by  almo^  430  m 

As  SeaMARC  !i  gathers  explicit  cross-track  baUiymetric 
information  with  each  line  of  side  scan  data,  this  distortion 
caused  by  cross-track  relief  can  be  corrected  on  a  local, 
pixel-by-pixel  basis  Under  the  flat  bottom  assumption,  side 
scan  pixeb  are  placed  at  a  cross-track  distance  X  equal  to 
where  SH  is  the  slant  range  (sound  velocity  * 


arrival  time/'2)  and  TA  is  the  towfish  altitude  (reference 
datum  -  flsh  depth)  Our  correction  of  this  pixel  position 
error  is  accomplished  by  locating  the  side  scan  pixel  for 
which  the  slant  range  equals  that  of  the  nearest  bathymetry 
point  X,2  (Recall  that  SeaMARC  II  bathymetry  coordinates 
are  calculated  from  measurements  of  depression  angle  and 
time  to  a  reflector  and  hence  are  independent  of  the  side 
scan  image  based  on  the  flat  bottom  assumption )  When  a 
t.  'tch  IS  found,  that  pixel  is  placed  at  a  cross-track  position 
ol  the  bathymetry  point  X,  and  all  those  pixels  between  it 
and  the  last  pixel  so  located  ar«  stretched  or  compressed 
accordingly.  The  results  of  this  transformation  are  shown  in 
Figures  5,  6,  and  7  Note  how  the  svarp  winch  strikes  across 
the  original  image  in  Figure  5  at  approximately  N45*W  is 
conformed  to  follow  the  contours  of  the  bathymetry  (Figure 
6)  after  the  pixel  relocation  (Figure  7)  The  most  significant 
change  m  geometry  is  demonstrated  by  the  secondary  scarp 
(arrowed  in  the  raw  image  and  the  bathymetry)  which  is 
shifted  athwartships  by  up  to  1  km  and  rotated  clockwise 
by  almost  20*  An  obvious  benefit  ol  this  rectification  is 
that  features  are  correctly  placed  on  the  image  for  interpre¬ 
tation  and  survey  targeting  A  more  subtle  benefit  is  the 
removal  from  the  image  of  spurious  cross-track  compressions 
and  rarefactions  due  to  topography  which  might  otherwise 
be  interpreted  by  both  man  and  the  computer  algorithms  as 
variations  m  geologic  character  Furthermore,  bottom 
detect  errors,  caused  by  side  swipe  detection  of  off  nadir 
bathymetry,  and  their  resulting  effects  on  the  side  scan 
image  can  be  explicitly  coirected  but  for  small  zones  of 


-J.'  *.''• 


yyiit|t^O‘»N «w  N».\.M.\lK  II  IH»^- 


< 

' 

ViV  X  V. 

•'tj  -'  »y 

Wi% 

■*n^  ny. 

-  '*  S 

'■*AV>S 

•  *  \  ^ 

>P.  'v:-;-' 

■  A 

m 

•  a. 

ics  aao$s 
'JlS'W  i$ 
y  {Figure 
ignificanl' 

ary  sc.irp 
<  Avhicll  (!> 
clockwise 
icalion  i:» 
mtc/pre- 
fil  IS  Uie 
■ipressioiis 
_olherwibe 
^  .iithms  as 
bottom 
cfl  iia<iii 
side  scan 
zones  of 


Tj};  >  «‘U  soft  i»Aas,«<wi«<tedfor  slant  range  A<«<>r<nns  UHh*:  ‘ibl  1'01»»mh"  A^•5^^ll^^•u^>ll 


.tmbtguity  lii  tin  }il  »uuujit  ?i‘K  *<4»  |»iu*k  Thm*  gwinUiu-'  .ii.d  bvU<-m  loiisHfeimg  Un  ivUuvvl.v  j 

vf  .unhiguiti  vHtui  wiu’Ji  muUipU’  iMtluuutin  vieM  aitUMdo  aU-n  Upiialh  gualvi  Uiali  . 

nlmtnal  shut  uiiS‘-»  tim  heuiicUt  zoiitii^ii  l**  llu-»  pK*l»-  j>f  the -a  mIi  aidtli  at  alinli  ociMAIK  II 

km  nUvidcs  the  amphtmle  of  (lie  •uubigrtou'-ly  Mde  .  .  ^  ,,  ,  ,  - 

sr.ui  pi\ol  l>y  tin-  uumbtr  balnyiijetr>  points  nith  lUii  ^ 

slant  langr  Jml  the  <\uvtj(ijl  K*  e.uh  iiHgiaU'-n”  lehis  t*.  the  spuuv  U'^  u  -nc  H.hk  <’ 


lant  langr  Jml  the  <\uvtj(ijl  K*  e.uh  iiHgiaU'-n”  lehi 

The  onk  »e<inm’4  bv  mit  4*>ijir«U‘*n  g,aM»  ••!  mijg* 


iiK’thCNil  that  tfio  sitK  data  tu*  m  >1m'  swjut’ine 

atfittattstui>s  i  e ,  that  there  f><;  no  n  it  i  It  i(|^ 

tltst.mfie  X  ami  ek\  itioii  ibove  tlu  lehje.'ne  'ta<Mttt  Z  ••‘Uli 

that  (tie  travel  tmie  ix'-'f j itAiJ  with  u  \..mW  »».  hv^  thin 
thit  hi  any  lOlwtoi  hMami  at  *^a!J:e  \  A  This''* 

■4'«ucme“  is  i  leas'mahU  !>vmjj{ij»i,  j,  j  ue  J 


i'«Ul.lpl4-  U"  {‘lt\t 
I  »U4  V'  l'i«  tlili'AJtU 

:  ,1  t  >  !>>  ((  I 


s  t*'  the  spuuv  U''  «i'-n>4  Uj 
line  »>•  vi.iai*-i!  i  I 
'k  \(- h  l  ' 

tnti  M  M  \  '  f  4j  u  i’  1  ■  I 

f  !'  .  iiU.  ;  in-  .  ‘ 


rf'v5»5^.«T'~3?5SI5AUS?51iSW^ 


a; 


u 


II 


It; 


SI> 


'4'^7476f‘^'i-"^  y  -  v-. -'  "UU»»Axi»J!(^>st>Ml.^ENittv(i.>(idsrAN)»’(Xv4a>i<;\w«»v 


^  St.\  JfAHC  II  0.\r\ 


'^Fi^.O.  S«MARCII  &»thym«Ujr' (or  tht  im»ge  $how/>  In  Fig«r«  5^ 


slant  range  incwases,- the  along^track  diiiu'nsion  of  *hc  area 
ensonjfied  during  each  ping  wiU  increase  from  nadir  U>  the 
rn^mium  slant  lange.  This  increase  in  footprint  sire 
remains  un^rnpeiisalttl  When  the  pixels  are  plotted. 
Inst^^  the  a!dng‘track  size  of  each  puel  is  assumed  to  be 
the  intef'pmg'Spacjnj,  typically  on  the  order  of  dO  m  As 
the  beam'  footprint  a^  most  slant  ranges  wHI  possess  ah 
aiong'tiack  dimehston  greater  than  lhe  'inter*ping  spacing, 
any  >solafed  strong  reflector  of  linear  dimension  less  thmi  the 
nominal  pixel  length  will  be  ensonified  several  times  (Figure 
d).  The  r^lt  of  this  phenomenon  in  the  sule  scan  image  is 
demonstrated  by  the  multitudinous  “hashmarks’'  throughout 
the  image  (Figure  9),  which  arc  isolated  point  reflect<«s  that 
have  been  repeatedly  ensonified  by  several  adjacent  pings 
and  thus  plotted  as  linear  features  It  b  also  reasonable  to 


assume  that  strong  reflectors,  orders  of  magnitude  larger  in 
area  th^r-the  beam  vWdth,  will  have  been  expanded  by 
scveial  additional  pixels  on  cither  side  m  the  a!ong*track 
dirk^on  m  a  similar  f^hion,  although  this  effect  is  not  as 
immedi^ly  conspicuous  or  deleterious  to  image  quality- 
Were  Uie  azimuthal  beam  pattern  sufficiently,  well  known 
as  a  function  of  depression  angle,  we  might  solve  the  point 
spread  problem  in  a  fashion  similar  to  Uiat  m  which  hyper- 
boiic  refteetcus  m  seismic  data  are  migrated  back  to. their 
correct  petitions  by  assuming  that  all  points  at  the  same 
slant  range  have  behaved  as  point  JiyperBohe  rcfiectors  and 
should  all  be  migrated  equally  [Ilasidoorn,  1954)  However, 
the  extent  to  v-hich  point  reflectors  in  the  ade  s^n  data- 
seem  to  be  elongated  seems  W  be  a  function  of  both  reflector 
strength  and  strength  in  relation  to  the  background,  mdicat- 
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ENSONIFIED 
POIMT  SOURCE 


APPEARENCE  OP 
POINT  SOURCE 
IN  IMAGE 

Fig.  8  Schematu  diagrim  of  the  migratjon  of  a  point  reflector, 
!  caused  li>'  multiple  ensomfication 

I 

I 

I 

I 

Background  subtraction  followed  by  inverse  migration 
'  diminishes  the  along-track  stretching,  m  favor  of  roughly 

i()i.ii(limeiisional  {Kunts  that  aie  seveuil  pixels  deep  Com- 
,  pile  in  particular  the  lowei  left  and  uppci  right  |>oitioiis  of 

the  images  (Figures  9  and  10) 

,  '\fter  the  above  prepiocessing  rectifieHtions.  side  scan 

j  .'iiji  linages  have  been  collected  within  the  hmil3  of  the 

'  l.il  i,  ftatiues  coiiectly  sued  and  located,  and  pixel  intensity 

\  ui.ilioiis  lendeud  nu-ie  lepicsentative  of  actual  changes  in 
U'Uoni  ihjiactei  Fuilhei  piocessmg  steps  aie  means  of 
extiacting  quantitative  information  from  the  digital  images 


3  FBAauus  ExnucnoN 
3  1  The  Feaivrf  Vector 

The  chief  purposes  of  remote  sensing  imagery  are  detec¬ 
tion  and  discrimination  Synoptic  imagery  displays  the 
areal  distribution  of  terrain  surface  types  but  usually  does 
not  describe  the  individual  terrain  surfaces  explicitly 
Although  human  observers  are  clearly  capable  of  interpret¬ 
ing  such  imagery,  the  results  are  subjective,  not  necessarily 
repeatable,  and  often  more  indicative  of  the  interpreter  than 
the  object  Statistical  analysis  of  image  data  provides  an 
objective  and  repeatable  means  of  identifying,  distinguish¬ 
ing,  and  labeling  surface  types  Key  to  this  concept  of 
numerical  analysis  of  imagery  is  the  term  feature  vector,  a 
numerical  descriptor  of  N  dimensions  which  will  condense 
the  discriminatory  information  contained  m  the  image  plane 
into  a  single  vector  for  each  surface  type 

As  an  example,  giay  tone  images  might  be  described  by 
intensity  alone,  in  which  case  the  feature  vectors  would  be 
one-dimensional  and  areas  of  the  image  between  designated 
thiesholds  would  be  classified  as  distinct  (  IV  <  50  =»  class 
1,  IV  >  SO  =  class  2)  Feature  vectors  are  usually  multidi¬ 
mensional.  such  .IS  from  multispcctral  Landsat  imagery,  and 
the  discriminant  surfaces  are  hyperplancs  m  A^-dimensional 
space 

Foi  single-speclial  images  such  as  those  produced  by 
single-fiequency  side  looking  sonars  and  radars,  classification 
of  imageiy  vu  fnst-oider  statistics  such  as  mean  intensity  is 
rately  viable,  due  to  image  speckle,  gam  changes,  beam  pat¬ 
tern  variations,  ami  variations  in  backscaitcr  strength  con- 
commitant  wiih  changes  in  angle  of  incidence,  all  of  which 
can  icsult  m  dilfcienl  intensity  values  fiom  a  uniform 
lefleclor  C'jnte<iuently,  we  look  to  second-oidei  (point  leU- 
tional)  sUtisUcs  Foi  the  classification  of  single  spectial 
imagei)  such  as  side  scan  data,  textuie  (an  abstiai  t  second 
order  featuie)  is  more  useful 


m  9  Ihijirottssed  SeaMARC  II  side  scan  image  showing  multiple  "hashmarks  "  shoit  linei  pai  UIpI  (y  tli"  -.hip  '  >  f  k 
ni.ni  hv  iiip  phenomenon  of  migration 
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hg,  10  Image  m  in  Figure  0  Jifter  baelground  syktraction  and  tnigrtlion  Not'  «{'Hifi'‘allv  ili'-  'nuij.if  ^mou  of  tii*- 
ludimark'  in  the  uppsr  right  and  tower  left  portions  of  the  image 
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d'J  Ttzlttn 

Tevture  la  an  innate  property  of  alt  objects,  wlmh  charac* 
tenzes  the  closely  mterwoven  relief  of  the  surface  Texture 
IS  j.tronglv  stationary  and  independent  of  illumination 
Althoiigii  It  IS  quite  easy  for  human  observers  to  recognize 
.and  (lescnbe  fextute  in  empirical  terms  (smooth,  coarse  rip¬ 
pled,  etc  ),  until  the  prist  decade  texture  h.\s  been  extremely 
resi&t.inl  U}  quantification  Furthermore,  measures  of  image 
loxtuic  liave  yet  to  be  related  to  actual  object  dimensions, 
ti'xtuu  yields  discrimination  but  not,  as  vet  definition 
heveial  methods  h.ave  been  proposed  over  the  p.xst  dec.uK 
for  fxlrarting  statistical  texture  signatures  |/Vaff  1978 
Lau'if  !98(),  Hcraltck  ef  al  1973j  In  this  paper,  we  utilize 
the  gi.xy  level  co-occurrence  matrix  (GLCM)  method  of  tex¬ 
ture  analysis  {UaraUck  cl  al ,  1973) 

'l‘he  GI.CM  method  requires  the  creation  of  .x  second  »r\ 
iiiatiix  from  winch  second  order  texture  Mati'-tics  arc 
l•^tlmat<d  Spcfifioiilv  let  l'{z,y)  represmt  the  digit.il 
iin.rgc  over  a  rectangular  domain  A,  =  1.2.  'V, 
/.y  =  1.2,  A'y  ijuaiitizeil  to  gray  levels  Kaih  (iLCM  i-' 
,i  ‘qtim'  mitiiN  Ilf  dimension  A'  whose  entries  ) 

«\ju«sv  Uit-  iiumb«'i  of  times  there  occurs  ni  ihe  image  .t 
jilStI  "f  itililriU  /  imi-^IiK'  ic-d  l>\  I  |)i\<|  I  II  Ml  i>>  /  111 
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To  further  Insure  rotatjon  invariance,  Haraiick  ct  cl 
(1973)  have  suggested  taking  both  the  average  and  the  range 
of  the  statistics  that  are  extracted  at  each  angle  of 
evaluation  In  general,  evaluation  of  the  matrices  in  the 
four  directions  given  above  would  allow  true  rotation  invari¬ 
ance  for  rotations  of  7r/2  rad,  and  approximate  rotation 
invariance  at  tfA.  Our  modification  is  to  impose  a  normal¬ 
ized,  mveise  Euclidean  distance  weighing  scheme  upon  each 
neighborhood  of  dimension  2rf  so  that  the  square  neighbor¬ 
hood  becomes  a  circle  of  radius  d  and  hence  rotation  invari¬ 
ant  (j^eerf,  1987j, 

ZZ  GlCSf  FtcHus 

Hcrclkk  et  d  (1973}  suggested  14  features  which  can  be 
extracted  from  the  GLCMs.  Evaluation  of  these  14  features 
over  four  directions  and  several  lags  makes  for  a  rather 
unwieldy  data  set  to  use  directly  as  a  feature  vector,  to  say 
nothing  of  being  able  to  visualize  the  resulting  class  cluster¬ 
ing  Furthermore,  for  a  fixed  number  of  samples,  there  b  an 
optimal  measurement  complexity,  beyond  which  increasing 
the  vector  dimensionality  does  not  necessarily  increase 
classification  accuracy  [Sehotuneg^rdt,  1983}  As 
classification  time  for  a  feature  vector  of  dimension  N  is 
proportional  to  1)  |5t£/am  end  Davis.  1978},  smaller 

feature  vectors  are  better 

Fortunately,  some  of  the  features  in  this  set  are  strongly 
correlated  with  each  other  The  Karheunen-Loev  transfor¬ 
mation  or  principal  component  analysis  (PCA)  (5iw«in  and 
Dans.  1978)  provides  a  means  for  detecting  this  correlation 
and  reducing  the  dimensicn^ity  of  the  dataset 

Five  of  the  original  14  features  which  have  shown  low 
correlation  m  PCA  analysis  are  utilized  here  They  arc 
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where  iif,  /ij,,  a,,  and  Cy  are  the  means  and  standard  devi¬ 
ations  for  the  row  and  column  sums,  respectively 

Four  of  these  statistics,  ASM,  CON,  ENT,  and  AIDM, 
have  been  shown  to  be  strong  estimators  of  wavelength  vari¬ 
ations  and  to  be  insensitive  to  variations  m  either  look  direc¬ 
tion  or  gam  settings  \Rcsi,  1987}  ISO,  a  feature  of  our  own 
derivation,  shows  similar  characteristics  as  the  above  four 
features  It  is  calculated  as  the  sum  of  the  differences  of 
orthogonal  GLCMs,  and  is  a  measure  of  the  isotropy  of  the 
image 

The  means  and  ranges  for  these  statistics  may  be 
evaluated  for  one  or  more  distances  of  separation  The 
resulting  set  of  statistics  forms  a  feature  vector  of  dimension 
N ,  which  describes  the  texture  of  that  portion  of  the  image 
over  which  the  features  were  evaluated  and  by  which  that 
section  cl  the  image  will  be  classified 

3  4  Svakalton  of  Image  Tezlvre  With  the  GLCM 

To  evaluate  the  texture  of  an  entire  image,  the  image  is 
first  divided  into  rectangular  cells  referred  to  as  "texels  “  To 
optimize  the  potential  of  this  texture  routine,  these  texels 
should  contain  at  least  NG*  pixels,  where  NG  is  the 
number  of  gray  levels  to  which  the  image  has  been  quantized 
\Fratt,  1978]  m  order  to  maximize  the  possibility  of  measur¬ 
ing  real  image  texture  variations 

For  images  quantized  to  8  bits,  resulting  m  256  gray  lev¬ 
els,  not  only  would  the  evaluation  and  storage  requirements 
of  several  256  by  256  cooccurrence  matrices  become  prohibi¬ 
tive.  but  also  the  texels  would  be  so  large  as  to  be  meaning¬ 
less  for  all  but  the  most  uniform  images  Aside  from  simple 
resolution  considerations,  this  loss  of  significance  is  due  to 
the  fact  that  as  texel  size  increases,  the  probability  of  creat¬ 
ing  a  ceil  of  mixed  textures  (a  ’’mixel")  similarly  increases 
To  minimize  the  size  of  the  texels  without  seriously  violating 
the  pixel  volume  requirements,  the  data  are  rescaled  by  the 
mean  and  variance  of  the  entire  image  to  a  smaller  number 
of  intensity  values,  generally  16  or  32  Following  this 
requantization,  co-occurrence  matrices  are  evaluated  for  each 
texel,  and  the  desned  feature  vectors  are  then  extracted 
The  remaining  task  is  to  subdivide  the  image  into  texturally 
distinct  regions  on  the  basis  of  each  texel’s  n-dimensional 
feature  vector 
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The  vbject  of  classification  is-  to  assign  each  pixel  or  texel 
of  an  image,  defined  by  its  feature  vector,  to  a  ceitain  class, 
in  such  a  \va>  that  the  specified  error  ciitenon  is  minimized 
In  order  to  do  this,  the  computer  must  be  able  to  determine 
the  classes  that  exist  in  an  image  This  list  of  classes  must 
be  exhaustive,  separable,  and  of  informational  value  Hav¬ 
ing  deleimined  the  classes  piesent  in  the  data,  the  computer 
must  determine  to  winch  class  every  pixel  or  texel  is  most 
(^)  likely  to  belong  The  desned  result  is  a  map  in  which  the 
pixels  or  texels  of  the  original  image  have  been  replaced  with 
s>mbol5,  repiesenling  the  thematic  group  to  which  the 
feature  xector  foi  that  point  belongs  There  are,  in  general. 
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(two  approaches  to  achieving  this  end  supervised  and  unsu* 
pervi^d  classification. 

I  4.!  Unsvpervised  CUssification 

I  Unsupervised  classification  Is  best  described  as  clustering 
^  The  feature  vectors  of  a  subset  of  the  image  are  submitted 
^  to  a  clustering  algorithm  to  determine  the  natural,  groupings 
in  the  data  that  exist  in  « •dimensional  feature  space,  where 
n  IS  the  number  of  statistical  feaUrres  (extracted  from  Uie 
co-occurrence  matrices)  By  submitting  a  small,  heterogene¬ 
ous  sample  population  of  texels,  it  is  hoped  that  representa¬ 
tive  natural  groups  may  be  determined.  Although  these 
numeric  groups  may  or  may  not  have  discernable  properties 
in  the  image  or  in  the  physical  world,  they  may  still  be  used 
as  the  classes  into  which  ail  remaining  feature  vectors  may 
be  classified  Meaningful  classes  could  then  be  extracted 
with  the  aid  of  giound  truth  and  historical  data. 

The  clustering  algorithm  utilized  m  this  work  is  a 
modified  version  of  the  classic  /(’-means  algorithm  [Haritgan, 
1975]  The  traditional  algorithm  is  initialized  by  assuming 
the  existence  of  K  classes,  with  /C  to  be  specified  by  the 
operator,  for  which  K  approximate  initial  mean  vectors  are 
chosen  The  initial  K  mean  vectors  may  either  be  chosen 
randomly  a^ign^'d  by  the  operator,  or  defined  by  the  data 
In  the  Uttei  approach,  which  we  utilize,  the  scalar  sum  of 
each  vector’s  components  is  calculated,  and  the  vector  is  ini¬ 
tially  assigned  to  that  class  K  for  which  its  sum  represents 
the  ith  fractional  part  of  the  range  of  the  sums  The  mean 
vector  IS  the  vector  that  defines  the  centroid  of  the  /Cth 
cluster  Every  texel  of  the  training  data  set  is  then  assigned 
to  that  class  to  which  its  feature  vector  is  least  distant  ’  Dis¬ 
tance  IS  mea-suied  in  terms  of  the  Euclidean  distance,  defined 
as 

(10) 


where  a  is  the  length- r<  feature  vector,  A/,,,  is  the  Icngth-n 
centroid  vector  of  the  ;th  cluster,  and  ED  is  their 
Euclidean  distance  (Figure  H)  After  all  feature  vectors 
have  been  assigned  to  that  cluster  from  which  they  are 


hg  11  CrajihK  example  of  Fudidtan  distance  m^urment  A/j 
and  \(2  'ire  the  --enUoid  (mean)  vectors  for  the  two  classes  is  a 
veilor  to  be  cliSsitied  The  Euclidean  distaii-e  is  measured  as 
v'liort'j  1.0  lilt  dds'ied  hill's  Assuming  equal  class  variances,  the  vec¬ 
tor  A  w<"dd  Le  assigned  to  the  class  represent  b)  A/| 
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Fig.  12.  A  two-class  (stars  and  tnangle^),  two-dimension  {x  and  y) 
ilusleiing  example  A  simplistic  classification  scheme  would  assume 
that  the  two  classes  had  equal  variances,  and  place  the  discriminant 
boundary  halfway  between  the  class  centroids  (the  solid  line)  Oar 
modification  is  to  normatiie  the  intercluster  distances  by  the  cluster 
variances,  thus  resulting  in  pioper  placement  of  the  discriminant 
boundary  (the  dashed  line) 


minimally  distant,  then  the  clustci  means  are  recomputed, 
and  the  process  iterates  until  theic  is  no  significant  change 
in  the  pixel  assignments  horn  one  iteration  to  the  next  In 
nailigan’j>  appioach,  I\  classes  aic  a.si>umed  at  the  stall  II 
at  tlie  end  of  an  iteiation,  one  clac-s.  is  found  to  have  no 
members,  tlie  loutine  teimiu.iles,  usually  witli  an  unsatisfac 
tory  cla'5sification  The  mc<dilication  developed  m  tins 
paper,  in  the  event  of  an  empty  class,  is  to  seaicli  the 
lemaining  classes  foi  the  class  with  the  highest  vaiiance, 
split  It.  repartition  the  vectors,  and  continue  the  itciations 
A  further  modification  we  have  added  is  to  compute  the 
intraclass  to  interclass  class  vaiiance  ratio  {F  statistic)  for 
each  of  the  classes  at  convergence  Any  class  whose  F 
statistic  exceeds  a  threshold  T  is  split,  increasing  the 
number  of  classes  to  /C+l.  and  the  algorithm  leinitiated 

4  2  Supervised  Classification 

Supervised  classification  can  be  used  when  one  has  supple¬ 
mentary  information  indicating  lotii  the  existence  and  loca¬ 
tion  of  homogeneous,  representative  samples  of  cveiy  class  in 
the  image  This  supplementary  information  usuail)  tomes 
in  tlie  foim  of  historical  data  (maps,  leporls,  etc )  or  giound 
truth  data  (samples,  photographs,  etc  )  It  is  important  that 
alt  classes  are  represented  and  that  the  samples  used  to 
represent  them  contain  no  "mixels”  .Once  a  repiesentative 
data  set  is  obUiuied,  the  aveiage  textural  vector  and  its 
standard  de'-iation  are  calculated  for  each  class,  all  othei 
texels  may  be  placed  in  the  class  to  whicii  they  are  most 
similar,  according  to  one  of  several  classification  routines 
Several,  currently  available  routines  are  the  minimum  dis¬ 
tance  classifier  [SchoU  tt  al ,  1979],  the  Bayes  niaxmuim' 
likelihood  approach  \Diida  and  Hart,  1973],  and  extiaaior, 
and  characterization  of  iiomogeneou-'  ".objects  (ECHO)  ‘J\(t 
tig  and  Landgrele,  1976]  In  their  comparison  of  liicse  im' 
several  other  classification  sciicnic  ui  tlie  classifKation  uf 
Landsat  MSS  data  for  agmullutal  aieas,  ScfioL  it  al  11970_ 
delected  a  slight  but  curisi  tent  supeiioiitv  Hk  mminuim 
distance  ippioach  ovei  the  uthci  melliud-.  We  implemeiii  a 
modified  veision  of  this  1 1  is^iliei  foi  '>ui  datalFiguro  i.’i 
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plus  Ifl  (  ani //uwcn^'j.  StiNlARC  $<«n  mouleof  Uma  Bi&in.  Black  lint  shows  pc«ilion  of  aeismte  tine 
CDP*  I  wilh  rtspeci  to  the  image. 


the  steep  baij  side  of  the  volcanic  mound  Many  oUicj 
smaller  mounds  occur  m  the  lower  portion  of  the  image 
The  large  lava  flow  apparently  ciosse^  the  Uansfotm  faull 
scarp,  which  is  downdropped  to  the  upper  right  poitoii  .-f 
the  linage 

Application  of  the  GLCM  textural  analysis  to  the  image 
flrsi  requires  image  subdivision  into  texels  in  on  a  side, 
each  containing  294  pixels  Each  texel  spans  si\  pings  and 
19  pixels,  so  that  there  are  40  tcxcls  acioss  the  10  km  uidth 


of  the  image  and  N/&  texels  along  track,  where  h'  is  the 
number  of  pings  in  the  image  in  this  example  the  image 
consists  of  approximately  420  pmgs.  and  thus  a  total  of  2800 
texels  result  from  the  subdivision  The  pixels  in  each  texel 
were  re*quantited  to  IG  intensity  levels  by  dividing  the  ongt* 
nal  intensity  values  by  10  and  rounding  to  the  nearest 
integer  Statistical  texture  signatures  consisting  of  the 
means  and  ranges  for  the  features  ENT,  ASM.  CON,  ISO, 
and  A1SM  evaluated  at  look  directions  of  0*.  45°,  90*.  and 
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135T  and.lag  dl  length  1  were  calculated  lor.eMh  ol  the  tex- 
els,  .'As  no  bottom- s^plra  were -available  , to  us.  the  2800 
five-dimensiohat;texture{vectors  were  cl&ified  in  tlie  unsu- 
pervisedltmode- witK  our-mbdified-ZCtmearis  elusienng  ^gb- 
'nthm 

Clustering- ol  these  2800=  UxUire  - vectors  into  the  six 
classes  resulted’ in  the -thematicimap- shown  m  Figure  14 
Note  how- the -black  texels-delineate  the. general  outline  ol 
the  lav'a’flo-w'  S^cifirally.  riole  the  continuity  ot  textural 
rhapping  across  the  ship's  tra^  in  the, flow,  irrespecitvc  of 
the  nearm'adir  average  intensity  variations  in  the  side  s^ 
image  (Figure- 13), -demonstrating-bne  of  the  chief-.advan- 
tages  -of  textural  an^ysis,  i.e.,  its  immunity  to 
misclassification-due  to  spurious  Variations  in  intensity 

5  2  TnUre  Analyiis  of  the  Limn' Basin 

Despite  the  absence  ol  a  relationship  between  Uxuital  sig¬ 
nature  and’  intrinsic  surface  character,  'texture  analyst 
thematic  maps  can  be  produced  and  the  thematic  units 
assigned  to  lithologies,  A  portion  of  a  mosaic  depicting  part 
of  the’  continental  slope  offshore  ol  Peru  referred  to  as  the 
lama  Basin  j/fii«ony  el  ai,  1985]  appears  in  Plate  1«  The 
lighter  portions  of  the  image  represent  unlithified,  hemi- 
pelagic  sediments  The  darker  areas  represent  lith'.lied  Neo- 
gene  sediments,  mostly  micritcs  and  dolomicntcs  ol  varying 
degrees  ol  lithification  and  brecciation  (D  D  Kulm,  per¬ 
sonal  communication,  1985)  The  parallel  and  subparallel 
Imealions  striking  NIS'W  ate  also  ouUrops  ol  bedded 
mieriteu  Ground  truth  lor  the  area  comes  from  dredging  (L 
D  Kulm,  persona!  communication,  1985)  Untortunatel) ,  as 
the  length  ol  seafloor  covered  by  most  dredges  was  long  m 
relation  to  the  variation  of  outcrop  type  visible  m  the  side 
scan  image,  and  as  the  contents  ol  most  dredges  were  litho¬ 
logically  heterogeneous,  most  outcrops  could  not  be  corre¬ 
lated  to  specific  samples  However,  dredge  MW85-I1  sam¬ 
pled  the  dark  outcrop,  labeled  “dolomite'  in  Plate  la,  and 
yielded  only  doloinicriles,  ol  generally  a  strongly  brecciated 
character  Due  to  the  “mixed  bag"  nature  ol  the  other 
dredges,  we  were  limited  to  two  definitive  sample  types 
hemipelagic  sediments  cored  Irom  the  sediment  pond  and 
the  dredged  dolomicrite 

Textural  analysis  was  conducted  as  described  m  section 
5  1  lor  the  areas  ol  the  image  coincident  with  the  bottom 
sample  locations  Mean  texture  vectors  consisting  ol  the  six 
statistics  CON,  ASM,  ENT,  ENH,  COR,  and  ISO  and  their 
associated  standard  deviations  were  calculated  Irom  the  tex- 
els  in  the  vicinity  ol  the  samples  The  entire  mosaic  was 
then  subdivided  into  250-m  texels  from  which  texture  vec¬ 
tors  were  evaluated  The  texels  were  classified  in  the  super¬ 
vised  mode  with  the  minimum-distance  classifier  (section 
4  3)  Those  texels  whose  uxture  vectors  were  distinct  Irom 
the  mean  vectors  representing  either  dolomicrite  or  hemi¬ 
pelagic  sediments  by  mote  than  twice  the  standard  deviation 
ol  either  class  were  lumped  in  a  third  category  anything 
else  The  three  categories  ol  sediments,  dolomicrites,  and 
anything  else  were  assigned  the  colors  ol  green,  magenta, 
and  yellow  respectively,  and  their  texels  were  coloted  accord¬ 
ingly  The  result  is  shown  in  Plate  lb  (Plate  l5  is  shown 
here  in  black  and  white  The  color  version  can  be  found  in 
the  separate  color  section  in  this  issue )  The  oval  basin  con- 
tainir.g  the  hemipelagic  sediments  is  cleaily  outlined,  as  is 
the  outciop  ol  dolomicrite  at  its  NW  tip  Magenta  texels 


indicated  several  other  possible  outcrops  ol  dolomicrite, 
which  migiit  not  have  been  either  detected  or  discriminated 
from  other  dark  outcrops  on  a  visual  basis 
Although'  the  distribution  ol  the  magenta  texels  abouPthe 
-green  oval-gives  the  impression  ol  a  synclinal  or-  anticlinal 
formation,  multichannel  seismic  data  collected  in  this  area 
wgue -against- this  interpretation  (Figure  15  [alter  Ha^ong 
and  .Voperman,  1981))  The  infl«tion  point  'on  the  depth 
section,'(arrowed)  where  the  strata  change  Irom  landivard 
dipping  to  seawmd  dipping,  corresponds'  approximately  with 
the.eastern'edge  of  the  oval  sediment  pond  seen  in  the  side 
scan  mosaic  in  Piate  la  Consequently,  ihe  dark  outcrops 
west  ol  the  pond  which  ate  mapped  by  magenta  texels  are 
the  tops  bl-lindward  dipping  strata,  stratigraphiitally  lower 
thm'  the  dark  outcrops  similarly  mapped  to  the  east  ol  the 
pond,  'The  tact  that  texture  analysis  has  mapped  strati- 
graphlcally  distinct  outcrops  as  similar  docs  not  necessarily 
mandate-that  they  be  the  same  formation,  but  rather  that 
they  possess  similar  acoustic  properties,  in  particular,  rough¬ 
ness  or  induration 
S3  Region  Groiotng  -  ReGATA 

The  texel,  the  basic  unit  upon  which  the  analysis  is  based, 
is  assumed  to  contain  a  subset  ol  the  image  data  which 
possesses  only  one  homogeneous  texture  The  probability  of 
spatial  homogeneity  of  a  landomly  placed  rectangle  increases 
as  the  texel  site  decieases  For  the  GICM  to  be  a  reason¬ 
able  estimator  ol  the  image  joint  probability  distribution, 
the  texel  should  contain  at  least  NG  pixels,  where  NO  is  the 
number  ol  gray  levels  to  which  the  image  is  quantised  (seo 
tion  3  4)  The  texel  therclore  can  neither  be  shrunk  below  a 
minimum  site  without  compromising  the  textural  analysis 
nor  increased  drastically  without  encountering  an  unaccept¬ 
able  number  o!  mixels  As  a  compromise  between  spatial 
resolution  contiolled  by  texel  site  and  resolution  ol  textural 
features  as  controlled  by  the  number  of  intervals  to  which 
the  data  are  quantised,  we  have  employed  a  texel  measuring 
approximately  250  m  on  a  side,  containing  294  pixels  quan- 


Fis-  15.  Portwa  of  CDP-l,  »  24-cbannel  common  depth  point  se¬ 
ismic  tine  gathered  h>  Seiscom  Delta,  Inc ,  as  part  of  the  Nazea 
Plate  Project  |  and  U'ipptman,  1981] 


',74^  Sm  MAltC  II  F>\t\ 


gray-levels  As  Uie  gray-^e  fewrd^.us^.fpr 
dispIaymg'Hhe^m^e.data  are  ^able  ol  pf^uang.^ly.'ie 
gray  levels/ of  .which  human  ob«mrs'afe  rawly  , able 
'^rn-  mofe''thMi.8,\Xexture^an'^ysrs/^it!m'Ievd/is  ^  or 
^slightly.'  abovcywhat^'is  -drscnminablei,t<>>^Uie  :'ey^'>[OT<gory,. 

:  19701;  '  ''  J  ^ .  V 

Jn-ofder  to  incre^  both  ihc'textural'and  spatial'Vesolu- 
tion/we  have  d^'^ed  ^  tm^e  ^hi^talioVroutine  which 
incor{:^ra^^m'ahti^'and  iih^eda^;  jfUtl^rAh'w  divide < 
the  ini^c  in^  a  prion  box^’whTch  rnay"dr  may,npt.cpnt»n 
homogeneo^  patterns^  we' seek,  via  dal^  ^ntrolled. deci¬ 
sions,  a  suMiVisioh  of  the  Image  Into  closed  r^ib^pfslim- 
ited'spatial  heterogeneity  Onc'featu're  vwlor.will  then -be- 
used  to  represent  each  closed'region  By.alldwihg  r^idnslo 
grow  to  their  natm^‘bbundaries,  the  pro^bility  of  .produc¬ 
ing  7mixcls"  IS  strongly  rcdu«d,  the  regions  will  ln  gen* 
eral:bc  lafger’than-the  previously  .used  texds,  class^hcatioh 
time  wtll'-be-'reduc^;' concomitant  with  the.re'duction' in 
number  of  featuVevwtors 

The  following  d«crib'cs  the  implementation  of  Region 
Growing  and  Texture  'Analysis  (ReGATA)  a  bottom*up 
regioD'growing  routine.  SeaMARC  11'  data  arc  stored  in 
records,  line-interleaved-by-pixel  Two  records,  containing 
two  pings  of  984  port  and  984  starboard  pixels,  are  "read 
in.**  The  data  for  port  and  starboard  are  subdivided  into 
cells  containing  two  lines  of  16  pixels  each.  The  mean  mten* 
sity  and  variance  arc  calculated  for  each  of  these*  32*pixel 
cells  Two  tests  arc  then  conducted  The  first  determines  if 
the  cell  is  reasonably  homogeneous,  in  order  to  separate  the 
cells  Into  the  categories  of  ’‘region*  and  "boundary."  Those 
cells  which  do  not  pass  this  test  of  limited  heterogeneity  are 
assumed  to  span  two  regions  and  hence  are  labeled  as  boun* 
dary  cells  An  option  in  \he  program  allows  these  cells  to 
be  either  flagged  as  nonregion  ceils  oi  quartered  and  annexed 
to  the  most  similar  adjacent  region  Kattig  and  Candgrche 
(!976|  propose  a  test  which  we  utilize  here,  consisting  of  the 
ratio  of  the  cell  standard  deviation  to  the  cell  mean..  If  this 
statistic  falls  above  some  heuristic  threshold,  the  cell  is 
labeled  as  a  boundary.  As  sonar  images  are  inherently 
noisy,  this  threshold  should  be  fairly  high  to  avoid  the 
classification  ol  the  entire  image  as  boundaries 

The  second  t^t  is  the  basis  of  annexation  and  region 
growing  For  purposes  of  illustration,  the  top  of  the  image 
under  consideration  is  labeled  north  Cell  classification  and 
region  growing  proceeds  west  to  east,  and  lines  are  read  in 
iioith  to  south  Bach  classified  cell  has  an  associated  flag 
which  indicates  its  status  as  either  a  boundary  or  region 
cell  If  It  IS  a  boundary  cell,  there  is  no  need  to  compare  it 
to  the  cell  under  consideration  If  it  is  a  region  cell,  it  has 
vjsociated  with  it  the  mean  and  variance  of  the  region  of 
which  It  IS  a  member  This  region  can  consist  of  one  or 
more  cells  The  cell  under  consideration  is  compared  to  the 
region  cells  immediately  adjacent  m  the  west,  northwest, 
north,  and  northeast  directions  Comparison  in  these  four 
directions  minimizes  imposition  of  boundary  direction  prefer- 
'•nces  within  the  limitations  of  the  cell  tesselation  The  logic 
of  the  comparison  is  that  if  two  cells  are  neighbors  and  p<^ 
scss  similar  average  value,  they  probably  represent  a  uni- 
f(^m,  connected  surface  in  the  object  plane  and  hence  should 
be  annexed  and  similarly  classified 

The  comparison  can  be  on  the  bas's  of  either  a  parmnetric 
Student’s  t  test  and  F  statistic,  or  the  nonparametric 
nimimally  distant  means,  at  the  operator’s  discretion  As 


r^ion- growing  requirements- must  be  reasoniAly  lax- to 
prwent  classifications  composed  entirely  of  boundary  cells,iit 
K'lmperatiye.that  the  «ll  be  annexed  to  thc.mcst.amilar- 
r^iph  whjch  passes  the  second  test  and  not -just  the  first 
region  to  so  do. 

As  a  region  grows,  its  mean  and  variance  are  recomputed, 
and.  Uie._pixcls  within  the  annexed  cell  augment  the  four 
associated. with  the  region  After  the  last  celhfroih 
tlic  two'  lines  currently*  in- memoiy  has  been  clarified,,  all 
r^ibns  are  check^  for  growth  m  the  last  iteration.  ■  If-Uiey 
Kave'noi  grown;  they  are  considered  closed,  and  their  asroci- 
a^'pLCMs  are  submitted  to  a  subroutine  which  extracts 
the’standard  six-dimenfionaJ- texture  feature  vector.  The 
t«lurc  veclbr.and  all  the  pixels  in  the  region  from  which-it 
was^extracted  are  then  signed  a  region,  number  and  written 
out  to' a  storage  file,  ^ 

When  the  routine  terminates  at  the  end  of  the  data  file, 
all  remaining  open  regions  arc  closed  by  the  routine  ^d 
analyzed  for  texture  The  resulting  list  of  rcgion*numbercd, 
feature  vectors  are  submitted  to  an  unsupervised  cluster 
an^ysis.  The  region  numbers  map  the  regions  to  the  feature 
vectors  in  the  clusters,  and  all  pixels  m  all  regions  with  simi* 
farly  clustered  feature  ^vectors  are  mapped  similarly 

The  benefits' of  this  routine  are  threefold  computational 
speed,  increased  spatial  resolution,  and  increased  textural 
fidelity.  We  slated  above  without  proof  that  there  would  be 
fewer  regions  resultant  from  this  method  than  texcls  from 
the  arbitrary  division  of  the  image  The  intuitive  proof  for 
this  lies  in  the  definition  of  texel  ^  the  largest  tesselation 
unlikely  to  transect  image  region  boundaries  if  the  regions 
are  allowed  to  grow  to  their  natural  boundaries,  which  the 
texels  are  designed  to  avoid  intersection  of,  then  the  grown 
regions  will  be  larger  and  fewer  in  number  than  those  result¬ 
ing  from  an  arbitrary  texel  subdivision  of  the  imago  Fewer 
regions  mean  fewer  calls  to  the  feature  extraction  subroutine 
and  fewer  vectors  to  classify.  Furthermore,  the  algorithm 
requires  but  one  pass  through  the  data  to  produce  a  segmen¬ 
tation  With  texture  vectors  and  requires  only  four  lines  of 
data  In  memqry  at  any  one  time 

The  cell  dimension  of  2  lines  by  16  pixels  results  in  a  lim¬ 
iting  resolution  of  approximately  80  in  This  cell  size  was 
chosen  because  it  allows  quartering  of  tlie  cells  in  the  event 
of  a  boimdaiy  tlAssificalioii  The  nuiniHT  of  pixels.  82,  also 
straddles  the  'mail  sampling  theoiy/large  sampling,  theory 
boundary,  so  that  paiametiic  and  nonparametric  tests  aie 
approximately  equally  valid 

Finally,  growing  regions  of  limited  heterogeneity  minim¬ 
izes  the  intcrcontamination  of  texture  signatures  by  each 
other,  or  by  boundaries,  neither  of  which  Die  likely  to  result 
m  a  representative  signature,  GLCMs  from  laiger  regions 
will  contain  more  entries  and  hence  will  yield  beljter  esti¬ 
mates  of  image  textuie  By  minimizmg  mixing  and  increas¬ 
ing  estimate  fidelity,  the  clusters  formed  in  the  unsupervtsed 
classification  step  should  be  tighter,  resulting  m  better 
discriminant  boundaiies  in  the  classification  n  space,  and 
less  <■  jnfusion  m  the  image  plane 

One  of  the  other  benefits  of  the  region  growing  method  is 
that  as  the  regions  that  result  are  m  geneial  larger  tiun  the 
previously  used  texels,  the  »ind.ge  need  not  be  rcquantized  to 
such  a  small  ngmbei  of  gray  levels  Specifically,  regions 
often  grow  to  contain  hundreds  to  thousands  of  cells,  each 
containing  32  pixels  if  we  analyze  all  closed  regions  for  tex¬ 
tuie,  but  only  use  those  .Mth  more  than  100  tells  foi  deter- 
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PUte  la  I  f{<e4  cni  Hvwng],^  S«iMARC  Usidesoa  moitleotUmAUa^in.  OUck  line  shows  pi^ilion  of  snsniie  line 
CDP*I  wUh  r«|'«v  to  the  Imije. 


ihc  steep  back  side  of  the  volcanic  mound  Ma«\  olhci 
smaller  mounds  occur  in  the  lower  portion  of  the  image 
The  laige  lava  flow  apparently  ciosses  the  transfoim  fault 
scaip,  which  13  downdropped  to  the  upper  right  pcition  of 
the  image 

Application  of  the  GLCM  te),tural  analysis  to  the  image 
first  lequires  image  subdivision  mto  texels  2$0  m  on  a  side, 
each  containing  291  pixels  Bach  texei  spans  six  pings  and 
19  pixels,  so  that  there  are  *10  texels  across  the  10  km  width 


of  the  image  and  /^/6  texels  along  tiack.  whtic  N  is  the 
humbei  of  pmgs  m  the  image  In  this  example  the  image 
consisU  of  appivxmuiely  '120  pings,  and  thus  a  lutal  of  2800 
texels  lesult  fivm  the  subdivision  The  pixels  in  each  texel 
were  rc*quantaed  to  IC  intensity  levels  by  dividing  the  origi¬ 
nal  intensity  values  by  16  and  loundmg  to  the  neaiest 
mtegei  Statistical  lexluie  signaiuies  coiiMsiing  of  the 
means  and  langcs  for  the  featuie*  ENT,  ASM.  CON,  ISO, 
and  AISM  evaluated  at  look  diiection'i  of  0*,  15",  90‘,  and 


I’lile  ii  ,  I'ffi  nud  Ihi-'ong  Thte^-clisA  thematic  map  of  mos.'ji*  shown  in  Ptxl*-  M 
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i  135*  arid  of  IcngthU'Were  c^cula^  for  ^ch  of  the  ^• 

~t\sf  As;no:boltort^mpl«^^;c  ayailab^^^^ 
‘five^dirri^aony^texture  yMtors-were  cla^jfied-iri.the  un^* 
ApeiVls^inio'dcrwithiour  rnodjficd  /C-riiearis  clu^rmg  ^go* 
^rithm,'  '  .  *  , 

.ClusUringfof  th^  .2^"tcxtur^  v«tors  mtoj  the  six 
class^  ■resulte^'in-'thc'-thcinalic  map -^oVfl- iii'^Figure  14. 
Note' how  trie^fclack  texeb-delmeatc’  thergeneral  outline  of 
the  lava- idw  Si^ificaljy^-nqte-the  continuity,  of.-texiur^ 
mapping  across  the  ^ip’s  tra^'inlthe  fi6w,'ifr^pteitve  of 
the  n^-nadir  averse  intensity,  v^iations  in  the  side  s^ 

image  (Figure -  IS),’ 'demonsUatingvon'e,  of'  the  .chief  advan¬ 
ces  of.  'textural  ■ 'an^y sis,  le-v  'imrminity  -to 
misclassificatiwi  ”duV  to'^urious  vari^ions  in  intensity. 

■S  2 .  r«fare  Analysis  o/ (Ae  Lima  'Basin 

Despite  the  absence  ol'a  wlationship  between.textural  sig¬ 
nature  and  intrin^c  surfate  character,  texture  ^alysis 
thematic  maps  ^ri-be  "prc^uced  and  the'-themaUc.  unite' 
assigned  te  llthologite.  A’pbrtion  of'a  rno^ic  depietC  P.^,^ 
of  the'cdntinental  ^ope  offshore  of  Peru  referred  to.  as  the 
Lima  Basin  jffMsen;  <f  af.l  1985}  appears  in  Plate  la  The 
lighter  portions  of  the  image  represent  unllthified,  hemi- 
pelagic  sedimerite  The  darker  areas  represent  hthified  Neo¬ 
gene  sediments,  mcstly  micrit^  and  dolomicritcs  of  varying 
degrees  of'  hthification'and  breccmtion  |L  D.  Kulm,  per¬ 
sonal  communication,  1985)  The  parallel  and  subparallel 
'hneations  striking  N'f5*\V  arc  also  outcrops  of  bedded 
micrites  Ground  truth  for  the  area  comes  from  dredging  (L. 
D.  Kulm,  personal  communication,  1986)  Unfortunately,  as 
the  lcngth  of  scalloor  covered  by  most  dredges  was  long  m 
relation  to  the  variation  of  outcrop  type  visible  m  the  side 
scan  image,  arid  as  the  contents  of  most  dredges  were  litho¬ 
logically  heterogeneous,  most  outcrops  could  not  be  corre¬ 
lated  to  specific  samples  However,  dredge  MW85-n  sam¬ 
pled  the  dark  outcrop,  labeled  “dolomite"  in  Plate  la,  and 
yielded  only  dolomicntes,  of  generally  a  strongly  brecciated 
character.  Due  to  the  "mixed  bag"  natxire  of  the  other 
dredges,  we  were  limited  to  two  definiliye  sample  typesi 
hemipebgic  sediments  cored  from  the  sediment  pond  and 
the  dredged  dolomicnte 

Textural  analysis  was  conducted  as  described  m  section 
5.1  for  the  areas  of  the  image  coincident  with  the  bottom 
sample  locations.  Mean  texture  vectors  consisting  of  the  six 
statistics  CON,  ASM.  ENT,  ENR.  COR,  and  ISO  and  their 
associated  standard  deviations  were  calculated  from, the  tex- 
els  in  the  vicinity  of  the  samples.  The  entire  mosaic  was 
then  subdivided  into  250-m  texels  from  which  texture  vec¬ 
tors  were  evaluated  The  texels  were  classified  m  the  super¬ 
vised  mode  with  the  minimum-distance  classifier  (section 
4  3),  Those  texels  whose  texture  vectors  were  distinct  from, 
the  mean  vectors  representing  either  dolomicnte  or  hemi- 
pelagic  sediments  by  more  than  twice  the  standard  deviation 
of  either  class  were  lumped  m  a  third  category:  anything 
else.  The  three  categories  of  sediments,  dolomicrites,  and 
anything  else  were  assigned  the  colors  of  green,  magenta, 
and  yellow  respectively,  and  their  texels  were  colored  accord¬ 
ingly.  The  result  is  shown  in  Plate  l6  (Plate  lA  is  shown 
here  m  black  and  white  The  color  version  can  be  found  in 
the  separate  color  section  in  this  issue )  The  oval  basin  con- 
'  laming  the  hemipel^ic  sediments  is  clearly  outlined,  as  is 
the  outcrop  of  dolomicnte  at  its  NW  tip  Magenta  texels 


indicated -several  other  .possible  outcrops  of  dolomifnte, 
which  might  riot. have  been. either  detected  ord^isaiminated 
frqiri  other  dark  outcrops  on  a.visud  baas 
Althougb  the  distribution  of  the  m^enta  texels  abbutihe- 
green  oval  gives  tKC' impression  of  a  synclinal  or  antic) m^' 
formation,  multichannel  seismic  data  collwt^  in'this'arca 
argue'agairist  this  mterprctatioh  (Figure"  15  jafter..K««orij. 
,cnif  'Wippeman,  1981])  The  inflection -^int  on  the  depth 
^Uqn  (arrowed)  where  -the  strate  ch^ge  from -landward 
dipping  to  «awar^'dipping,  wri^pdrids  approximately, with 
the'^tern  edge  ofithc'  ov^.scdiriierit  pond  seen-in  sjd* 
mosaic  iri'Pl^  la  CIori^ucntly,.the  dark’.qutcrqiK 
west 'of  the  pond  which  are  mapp^  by  m^ente' texels  are 
the  tops  of  landward  dipping  strata,  stratigraphi^Jy-Jqwer 
than  the  'dark  outcrops  amilarly  mapped  to  the  of. the 
pond:  The  .fact  that  texture  analysis,  h'^  mapped  straU- 
graphicaily-distinct  outcrops  as  similar  do'^,  not-nec^rily 
mandate  that  they-.be  the  same  formation,  but  ralher  that 
,thcy  posse^  sirriilar  acoustic  properties,  in  particular,  rough¬ 
ness  or  indurUion 
5.3  Region  GTOwing  -  RcGATA 

The  texcl,  the  basic  unit  upon  which  the  analysis  is  based, 
IS  assumed  to  contain  a  subset  of  the  image  data  which 
possesses  only  one  homogeneous  texture  The  probability  of 
spatial  homogeneity  of  a  landomly  placed  rectangle  increa^ 
as  the  texel  sise  decieases  For  tin,  GLCM  to  be  a  reason¬ 
able  estimator  of  the  image  joint  probability  distribution, 
the  tcxel  should  contain  at  least  NG  pixels,  where  NO  is  the 
number  of  gray  levels  to  which  the  image  is  fjuantized  (sec¬ 
tion  3.4)  The  texel  therefore  can  neither  be  shrunk  below  a 
minimum  size  without  compromising  the  textural  analysis 
nor  increased  drastically  without  encountering  an  unaccept¬ 
able  number  of  mixels  As  a  compromise  between  spatial 
resolution  controlled  by  texel  sire  and  resolution  of  textural 
features  as  controlled  by  the  number  of  intervals  to  which 
the  data  are  quantized,  we  have  employed  a  texel  measuring 
approximately  250  m  on  a  side,  containing  294  pixels  quan- 


Fig.  15  Portion  of  CDP-1,  *  24*<hanael  common  depth  point  s«- 
tsmic  line  gathered  by  Seiscom  Della,  Inc ,  as  part  of  the  Nazea 
Plate  Project  |  I{u$seng  and  H'jppfrrrwH,  lOStj 
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tized-to  I6;g’ray-)evels_  As  the  gray-sc^e  recorders  us^.for 
displaying, the. image  data  arc  capable  of  producing.oniy  16 
.gray  levels,  ofrwhich  hu.naii  bb^rvers  are  rarely  able  to  di^ 
cern^  more,  thaii.8,  tex^rc  an^y^  ^.^this, level  ts  or 
•sillily), a^ve  .what^rs^dlWi'rhfnable.  td-  the  eye  {Gregory, 
1970}. 

In-order.to,mcre^'both  the  texUiral  and  spati^.r^lU' 
tK>n,  we  have  d«ign^,an  image  segmentation  routine.which 
incorporates  semantics.and  image  data,  .^Rather  than  divide 
the  image  into  a  priori  boxes.^hich  may  or  may  not  contain 
homogenous  patterns,  we  seek,  via  data-  Ontrollcd  deci¬ 
sions,  a  subdivision  of  the  image  into  closed  regions  of  liin- 
ited-spatial  heterogeneity.  One  leaturc-vector.wiil  then  be 
.used  to  represent  each  clos^  region.  By  allowing  regions. to 
-grow,  to  their  natural  boundaries;  the  probability>of'pio<luc- 
ing  ^mixels"  is  strongly  redutod.  As  the  regions  will  in  gen- 
eral'be  larger  than  thc-prcviously  used-texcls,  cla^ihcaUon 
time  will  be  reduced  concomitant  with  the  reduction  m 
number  of  feature  vectors 

The  following  describes  the  implementation  of  R^ion 
Growing  and  Texture  Analysis  (ReGATA)  a  bottom-up 
region-growing  routine  ScaMARC  11  data  are  stored  in 
records,  linMnterleaved-by-pixel  Two  records,  containing 
two  pings  of  984  port  and  984  starboard  pixels,  are  "read 
in"  The  data  for  port  and  starboard  are  subdivided  into 
cells  containing  two  lines  of  16  pixels  each.  The  mean  inten¬ 
sity  and  variance  are  calculate  for  each  of  these  32-pixel 
cells  Two  tests  are  then  conducted  The  first  determines  if 
the  ceil  i$  reasonably  homogeneous,  m  order  to  separate  the 
cells  into  the  categories  of  “region"  and  "boundary "  Those 
cells  which  do  not  pass  this  test  of  limiied  heterogeneity  are 
assumed  to  span  two  regions  and  hence  are  labeled  as  l^un* 
dary  cells  An  option  m  the  program  allows  these  cells  to 
be  either  flagged  as  nonregton  cells  or  quartered  and  annexed 
to  the  most  simitar  adjacent  region  KetUg  and  Landgrebe 
jl976|  propose  a  lest  which  we  utilize  here,  consisting  of  Uie 
ratio  of  the  cell  standard  deviation  to  the  cell  mean  H  this 
statistic  falls  above  some  heuristic  threshold,  the  ceil  is 
labeled  as  a  boundary  As  sonar  images  are  inherently 
noisy,  this  threshold  should  be  fairly  high  to  avoid  the 
classification  ol  the  entire  image  as  boundaries 

The  second  test  is  the  basis  of  annexation  and  region 
growing  For  purposes  of  illustration,  the  top  of  the  image 
under  consideration  is  labeled  north  Ceil  classification  and 
region  growing  proceeds  west  to  east,  and  lines  are  lead  in 
DOith  to  south  Badi  classified  cell  has  an  assoaated  flag 
wlmh  Hiduates  its  status  as  either  a  boundary  oi  region 
u-ii  U  It  ts  a  bcuiulaiy  cell,  there  is  no  need  to  compare  it 
W>  the  cell  undei  consnleiation  if  it  is  a  region  cell,  it  has 
ai<sxiated  with  it  the  mean  and  variance  of  the  region  of 
whub  It  IS  a  member  This  region  can  consist  of  one  or 
niuie  celts  The  ceil  undei  consideration  is  compared  to  the 
legion  cells  immediately  adjacent  in  the  west,  northwest, 
nvith,  and  noilheost  diiections  Comparison  in  these  four 
dnectioris  minimizes  imposit'on  of  boundary  dii^citonprefei- 
ences  within  the  limitaUuns  of  the  cell  tcsselatwn  The  logic 
of  the  comparison  is  that  if  two  cells  are  neighbors  and  po^ 
sess  similar  a\eiage  value,  they  probably  represent  a  uni- 
loini,  connected  surface  m  the  object  plane  and  hence  should 
be  annexed  and  similarly  classified 

The  companion  can  be  on  tlie  basis  of  eithei  a  paiametiic 
biudcnt’'.  t  U‘^t  ind  F  statistic,  oi  the  nonpaiametric 
aiiiii'ti  iltv  ‘I-*  Hit  ’nc.iii-'  At  the  onerator’s  discretion  A<i 


region  growing  requiicments  must  be  reasonably  lax  .to 
prevent  classifications  composed  entirely  of  boundary'  cells,  it 
IS  iinperative  that  the  cell  be  annexed  to  the  most  similar 
-  r^ion  which  pass«  the  second  test  and  not  just  the  first 
r^ioh  to  so  do. 

As''  xegwn  grows,  its  mean  and  variance  are  recomputed, 
and. toe  pixels  withjn  the  annexed  rell  augment  the. four 
GLCMs  associated  with  toe  region  After  the  last  cell  from 
the.tvro'lmcs  currently  m- memory  has-been  classifi^,  all 
regions  are  checked  for  growth  in  the  last  iteration  If  they 
have  not  grown,  they  are  considered  closed,  and  their  associ¬ 
ated  ;GLC^  are  submitted  to  a  subroutine  which  extracts 
the  stand^ud  six-dimensional  texture  feature  vector  The 
texture  vector  and  all  the  pixels  in  the  reg'on  from  which  it 
wjis  exUacted  aie  then  assigned  a  region  number  and  written 
out  to  a  storage  file. 

When  toe  routine  terminates  at  the  end  of  the  data  file, 
all  remaining  open  regions  are  closed  by  the  routine  and 
analy^  for  texture  The  resulting  list  of  region-numbered, 
feature  vectors  are  submitted  to  an  unsupervtsed  cluster 
analysis  The  region  numbers  map  the  regions  to  the  feature 
veciois  in  the  clusters,  and  all  pixels  in  all  regions  with  simi¬ 
larly  clustered  fcatuie  vectors  arc  mapped  similarly 

The  benefits  of  this  routine  arc  threefold  computational 
speed,  increased  spatial  resolution,  and  increased  textural 
fidelity.  We  stated  above  without  proof  that  there  would  be 
fewer  regions  resultant  from  this  method  than  Uxels  from 
toe  arbitrary  division  of  the  image  The  intuitive  proof  for 
this  lies  m  the  definition  of  lexe)  as  the  largest  tesselation 
unlikely  to  transect  image  region  boundaries  If  the  regions 
are  allowed  to  grow  to  their  natural  boundaries,  which  the 
texels  are  designed  to  avoid  intersection  of,  then  the  grown 
regions  will  be  larger  and  fewer  in  number  than  those  result¬ 
ing  from  an  arbitrary  texel  subdivision  of  the  image  Fewer 
regions  mean  fewer  calls  to  the  feature  extraction  subroutine 
and  fewer  vectors  to  classify  Furthermore,  the  algorithm 
requires  but  one  pass  through  toe  data  to  produce  a  segmen¬ 
tation  With  texture  \ectors  and  requires  only  four  lines  of 
data  in  memory  at  any  one  time 

The  cell  dimension  of  2  lines  by  16  pixels  results  m  a  lim¬ 
iting  resolution  of  approximately  80  m  This  cell  size  was 
chosen  because  it  allows  quaitenng  of  the  cells  in  the  event 
of  a  boundaiy  classifuatioii  The  number  of  pixels.  32.  also 
sUaddles  the  small  sampling  Iheorv/largc  sampling  thwjiy 
boundaiy.  so  that  paiametrn.  and  nonparametne  tests  aie 
approximately  equally  valid 

Finally,  growing  legioiis  of  limited  heterogeneity  minim¬ 
izes  the  inteicontammatioa  uf  texture  signatures  by  each 
other,  or  by  boundaries,  neithei  of  which  aie  likely  to  result 
in  a  representative  signature  GLCMs  from  larger  regions 
wiH  contoin  more  entries  and  hence  will  yield  belter  esti¬ 
mates  d  image  textuie  By  minimizing  mixing  and  increas¬ 
ing  estimate  fidelity,  the  clusters  formed  in  the  unsupervised 
classification  step  should  be  tighter,  resulting  in  better 
discuminant  boundaries  in  the  classification  n  space,  and 
less  confusion  m  the  image  plane 

One  of  the  other  benefits  <.4  the  region  growing  method  is 
that  as  the  regions  that  result  aie  m  geneiai  larger  than  the 
pieviously  used  texels,  tlie  image  need  not  be  icquantized  to 
such  a  small  number  of  gray  levels  Specifically,  regions 
often  glow  to  contain  hundreds  to  thousands  jf  cells,  each 
containing  3‘2  pixels  If  we  analyze  all  closed  regions  for  tex- 
tuK*  but  r'lilv  U'-e  Iho^e  wiUi  nioio  than  100  coii«  foi  deter- 
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Fig  16.  Plots  of  thf  six  textural  paramtlm  ASM,  CON,  ENT,  ENR,  AIDM,  and  ISO  versus  wavelength  generated 
from  analysis  of  synthetic  side  scan  imsges  {Aeesl,  1987{ 


imnation  of  the  cluster  centroids,  we  can  sti))  classify  the 
entire  image,  but  wi^  a  fourfold  increase  m  textural  sensi¬ 
tivity 

S.-l  Application  of  ReGATA 

In  our  application  of  ReGATA,  the  side  scan  image  of  the 
lava  flow  (Figure  13)  was  re-quantized  to  64  gray  levels  and 
subdivided  into  cells  containing  32  pixeb,  for  which  the 
average  intensities  and  standard  deviations  were  calculated 
The  nonparametnc,  minimally  distant  means  rule  was  used 
for  region  growing,  with  annexation  occurring  if  Uie  regions 
differed  in  their  means  by  three  levels  or  less  AH  closed 
regions  containing  five  or  more  cells  were  analyzed  for  tex¬ 


ture  and  hence  had  associated  with  them  the  six-dimensional 
feature  vector  In  the  cluster  analysis  which  followed,  only 
those  regions  containing  100  or  more  cells  contributed  to  the 
determination  of  the  class  centroids  Those  regions  contain¬ 
ing  fewer  than  100  cells  were  then  placed  into  the  class  from 
which  their  feature  vector  was  minimally  distant 
Application  of  ReGATA  to  the  side  scan  image  of  the  lava 
flow  and  subsequent  unsupervised  classification  yields  three 
classes,  green,  purple,  and  blue,  corresponding  m  the  image 
to  regions  containing  the  lava  flow  and  two  classes  of  sedi¬ 
ment,  respectively  (Plate  2)  (Plate  2  is  shown  here  m  black 
and  white  The  color  version  can  be  found  in  the  separate 
color  section  m  this  issue )  The  purple  appears  to 
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corr«j»nd-to  the  lc»  reflective, ’posibly  si.i90ther.s;^imcnt 
-The^ar^.m^p^:as■5blue‘corr«pond-to  visually.  ro^her 

sedinieiits ,  in: the.' yicmlt^  1^'fiow,  --Irr-Uie^origihal 
side-scan^image,'.  thtee^imcnte  appw  darker,  tnrhcaUng 
-.either  greater  Vou^'n^  or  gireat^.a^ustic  imprfance.  ,-Po^. 
slbly;-  the;  ^ciimen^'niSr .  the?  flow '  .  with'/debm 

fr6mithe.nci^bprihgviaya’flpw‘or  expr^ing,t!^^  rou^'ness 
c  some  th’hl/-‘burt<^'.,previpus';flow.  TTie 
';Ojic.5i;^nd^U’  eithw  bourjda^.wlls.w'to  ^un^nex^ 

‘cohteiiijhg  iei-i’tl^'fjvc'ceHs.. 

Supi^rt  for ;Uje  hypothesis  that  this  textere  map.di^Iays 
actual’ variations>in'lntrinsjic  s^  .dughn^  is  garnered 
from  compM^ons  of  t«turc’featur«  with  image/wavelcng^ 
\Rttd,  1987|.  Figurcv'.lS’ shows., plots  .of  the-six  texture 
features, discussed  here  (CON,  ASM,  ENT,  ENR,  COR,-and' 
ISO),^^nst''wayelength.->Thc  daU.werc  ^uired  from  Ux* 
tu'ral  ^^ysis.pf“sythel»c,vside:s^n  im^es  generated  with 
known  wavcienths.  Res^iiably  sin'gl^,values  teJ^ionships 
between  texture- and  .  wavelength  are  predicted- for  the 
featur^'.CON,  ASM,  ENT,’  and.ISO.  The  date  in  Table  1 
show  the  values  of  these  four  texture  features  for  the  three 
cla^  m  the  thematic  map^(Piate  2).  Comparison  of  the 
texture  values  m  Table  1  with  the  plots  m  Figure  16  shows 
that  each  of^thc  features  CON,  ASM,:  ENT,  and  ISO  predict 
that  wavelength  should  increase  from  the  lava  flow  to  the 
darker  sediments  to  the  lighter  sediments  While  no  specific 
relationship  has  been  proven  between  roughness  and 
wavelength,  Miitnvcmo  end  Ctlbert  [1989]  have  shown  that 
over  the  range  of  1*10  km  there  exists  an  inverse  linear  rela¬ 
tionship  between  the  Ic^  of  spatial  frequency  (wavelength) 
and  the  log. of  special  density  (for  topographic  profiles, 
roughness),  If  this  relationship  holds  for  the  decameter 
scales  of  wavelengths  to  which  this  texture  analysis  is  sensi¬ 
tive,  this  implies  roughness  greater  fc^  the  lava  flow  than 
either  of  the  «diments,  a  conclusion  consistent  both  with 
geologic  intuition  and  pur  interpretation  of  the  scattering 
behaviors  of  the  lava  flow  and  sediments. 

The  chief  advantages  of  the  ti^^e^cIass  thematic  map 
shown  in  Plate  2  over  the  six-class  map  in  Figure  14  are  the 
preliminary  relative  roghness  prediction  capability,  increased 
spatial  resolution  of  features  such  as  the  crenulations  in  the 
perimeter  of  the  flow,  and  the  distribution  and  shape  of  sedi¬ 
mented  windows  in  the  flow,  plus  the  resolution  in  Uie 
three-class  map  of  two  categories  of  sediment.  Computer 
time  required  for  analysis  and  classiflcation  is  also  less  for 
the  ReGATA  map.  Implementation  of  the  texture  routine 
using  the  a  priori  texels  required  4  5  minutes  on  a  Harris 
model  800-2  computer  Implementation  of  the  ReGATA 
routine  required  only  eighty  s  The  image  used  for  these 
benchmarks  (Figure  13)  consists  of  240  pings  of  date,  each 
containing  ‘2k  8-bit  pixels 


6  SuMMA-nOK 

Quantitative  image  processing  techniques  have  been 
applied  to  a  variety  of  SeaMARC  H  side  scan  sonar  seafloor 
images  Image  contrast  has  been  enhanced  via  histogram 
manipulations  Simultaneously,  undesirable  operator- 
induced  gam  changes  have  been  removed  Across-track 
spurious  variations  in  image  intensity  due  to  inadequate 
correction  of  system  beam  pattern  effects  and  irregular 
scattering  properties  of  the  bottom  and  overprinting  due  to 
surface  reflections  have  been  corrected  by  back^ound  sub- 


TABLE  1  Texture  Feature  Vectors  for  the  Features  CON, 
ASM,  ENT,  and  ISO  and  the  Classes  1  (Sediment), 

2  (Sediment),  and  3  (Basalt) 


CON 

ASM 

ENT 

ISO 

Class  1 

22994 

0  029S. 

00050 

1.1785 

Class  2 

20571 

00414 

00055 

10540 

Class  3 

1.6743 

0  096.5 

ooia-’ 

08464 

traction  Track-parallel  linear  features  resulting  from 
along-track  aliasing  of  point  reflectors  have  ^een  migrated 
.back  to  more  appropriate  dimensions  Total  geometric 
correction  'based  upon  explicit  knowledge  of  coregistered 
simultaneous  bathymctic  date  produced  images  which  arc 
free  of  layover  distortions  and  yield  true  rcpresenuttions  of 
reflecter  position  and  morphology 

Application  of  the  above  techniques  to  a  variety  of 
imagery  resulted  m  both  supenoi  images  foi  subjective  and 
computer-aided  interpietations  ConeldUon  of  limited 
ground  truth  with  image  texture  parameter  has  allowed 
first-order  mapping  of  lithology  distributions  Uorielation  of 
theoretical  analysis  with  observed  te\tuul  signatuies  has 
allowed  relative  prediction  of  surface  roughnesses 

We  regard  tnese  fundamental  procedures  foi  image  pro¬ 
cessing  and  ijuantiUtivc  interpretation  of  SeaMARC  II  data 
to  be  tae  first  steps  m  applying  remote  sensing  techniques  to 
seafloor  swath-mappmg  data  Although  the  use  of  marine 
acoustic  data,  which  are  strongly  influenced  by  the  low 
speed  of  sound  m  water  and  susceptabihty  to  ray  path  vari¬ 
ations,  13  inherently  more  difficult  than  piocessing  subaerial 
optical  or  ladar  images,  we  are  confident  that  eventual 
increased  quantification  of  seafloor  data  will  permit 
widespread  application  of  various  airborne  and  satellite 
remote  sensing  techniques  to  the  imaging  and  mapping  of 
the  seafloor. 
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.GO^; 

The.;ggals,  of  .this  study  were  to  develop  an  in-situ  .sensor  for  measuring 
dissgived-'hydrogen  in  the  marine  enviroment,  and  ,to  deploy  the  sensor  in 
appropriate^.field  tests.  Such,  a  sensor  would  be  useful  for  detecting  and 
.mapping 'marine  hydrothermal  plumes,  and  could  be  used  for  studying  other 
marine 'rsbufces  of  hydrogen. 


OBJECT 

The.  near-term  objectives,  of  the  project  were  to  modify  a  commercially 
available  fuel. cell  hydrogen  sensor  for  underwater  applications,  and  to  use  it 
to  measure.  hydrogen  in  Hawaiian  hydrothermal  effluents.  A  primary  field  site 
was  identified;  the  shoreline  lava  flows  from  Kilauea  Volcano  on  the  Island  of 
Hawaii.  Sapling  at  this  site  was  to  combine  the  In-situ  hydrogen 
measurements  with  analyses  of  other  related  chemical  and  physical  parameters. 


APPROACH 

A  Hydran  202  fuel  cell  hydrogen  probe  (Syprotec,  Pc.  Claire,  Quebec,  Canada) 
was  modified  used  for  use  in  these  experiments.  A  1-mil  Toralon  gas- 
permeable  membrane  was  used  for  surface  seawater  applications.  A  2 -mil 
Toralon  membrane  was  used  for  submerged  applications,  and  was  found  to  be 
suitable  for  depths  to  2000  m.  A  picoammeCer  was  used  for  monitoring  the  fuel 
call's  output  signal.  .A  0-2  V  analog  output  from  the  picoammeCer  was  recorded 
with  a  battery-operated  data  logger.  The  hydrogen  probe's  thermistor  was 
monitored  and  recorded  with  a  second  data  logger.  The  fuel  cell  output 
current  was  calibrated  at  fixed  temperatures  by  continuously  flushing  the 
probe  with  nicrogen/hydrogen  mixtures  of  known  composition  and  recording  the 
output. 


TASKS 

The  following  tasks  were  completed  during  1989:  1)  the  development  of  a 
prototype  fuel  cell  sensor  was  completed;  2)  this  sensor  was  field  tested  in 
Pearl  Harbor,  Hawaii  and  in  the  waters  surrounding  the  coastal  lava  flows  near 
Kalapana,  Hawaii;  and  3)  initial  testing  of  an  alternative  sensor  was 
completed  (this  senscr  used  a  palladium- gated  diode  that  offers  greater 
sensitivity  and  faster  response  chan  Che  fuel  cell) . 


RESULTS 

The  fuel  cell  sensor  with  a  1-rail  thick  gas-permeable  Toralon  membrane  was 
found  Co  have  a  detection  limit  of  10  nH  dissolved  hydrogen  in  seawater 
(signal/noise  -  2);  with  a  2-mil  chick  membrane  (used  for  operation  at  depths 
to  2OOO111)  the  detection  limit  was  15  nM.  The  diode  sensor  had  a  detection 
limit  of  less  than  0.3  nH. 

Chemical  species  were  found  to  be  enriched  in  the  surface  seawater  plume 
immediately  above  the  active  underwater  lava  flows  near  Kalapana,  Hawaii  by 
the  following  factors;  hydrogen,  15,000x  ambient  seawater  concentrations,  Mn, 
75x;  Cu,  6x;  and  Si,  5x.  Water  temperatures  at  this  point  reached  AA”C. 

Lower  concentrations  and  temperatures  were  observed  in  the  surface  plume  v/ich 
Increasing  distance  from  this  point;  hydrogen.  Si.  Mn,  and  Cu  concentrations 


•were  ;iliwarly  related  to  seawater, temperature.  The  composition  of  gas  bubbles 
,reieisedVduring  ,la'va;seawater'  contact  , suggests  that  the  elevated,  hydrogen  was 
>£rpm\thetftliermal’  ^issp'cik’tipn";,of  water,  .ratfieir  than  from  the  release  of 
.mai^ti'cig'as^  j^e-if igure. .shows ’  the,:  tem'peraf^  dissolved  hydrogen 

distribution/pf:\tiie.'sea{surfaceihydr6thermaf-''p 

.•ACCOOT. 

^e- constTOction  of 'prototype- sensprs,<successfuliy  demonstrated  the  potent^l 
such-  instruments 'have-  for  measurementsrof-- hydrogen  ’in:  the  marine  environment. 
In  radditioh,  we  have  made  the 'first,  comprehensive,.  Integrated  visual  and 
chemical' .'obsefyitions  of  direcC/lava-seawater  interactions,  which  are  gaining 
widespread  {recognition  as  major  components,' in 'oceanic  elemental  cycles.  Out 
Kaiapaha,  ,Haiwaii  .  field -site  has  .  proven  tb'be  an  ideal  means  for  examining 
these;’pfbcesses  •  in  detail . 


MmneCk^isiryyii  (1992)  3-H 
EI«vicr  ScienM  i^bli$heh  B.V;,  Amsterdam 


Fuel-  ceir  hydrogen  sensor  for  marine  applications 

'Francis  J.  Sansqne 

Oceanography  Dtpttrimtnt,  School  of Ocean  and  Earth  Science  and  Technology.  University  of  Hawaii 
at  Manoa.  1000  Pope  Road,  Honolulu,  HI  96822.  USA 
(Received  I9Febniary  1991;  revision  accepted  21  August  1991) 


ABSTRACT 

Sansone,  F.J.,  1992.  Fuel  cell  hydrogen  sensor  for  marine  applications.  Mar.  Chem.,  37: 3-14. 

A  fuel  cell  sensor  fo'  measuring  molecular  hydrogen  (H:)inmarinewaieisis  described.  The  sensor 
has  a  detection  limit  of  10  nM.  and  has  a  90%  response  lime  of  6  min  when  operated  at  45  *C,  and  1 1 
min  when  operated  at  35*C.  -hie  sensor  is  particularly  suitable  for  long-term  moniionng  of  manne 
H|  sources  such  as  hydrothermal  vents,  and  for  real-time  H:  surveys.  The  utility  of  the  instrument  is 
demonstrated  by  real-time  measurements  of  dissolved  Hj  in  a  surface  seawater  hydrothermal  plume 
resulting  from  coastal  volcamsm  on  the  island  of  Hawaii. 


INTRODUCTION 

Seawater  is  close  to  equilibrium  with  atmospheric  molecular  hydrogen  (Hg) 
in  areas  without  significant  local  sources  of  Hji  bulk  open-ocean  concentra¬ 
tions  are  about  0-2-l.S  nM  in  the  surface  waters,  and  about  0.2-0.4  nM  at 
depth  (e.g.  Herr  and  Barger,  1978;  Herr  et  al.,  1981;  Bullister  ct  al.,  1982). 
However,  dissolved  Hj  has  been  shown  to  play  an  important  role  in  a  variety 
of  biological  processes  in  the  marine  environment.  For  example,  Hy  can  be 
produced  and  consumed  by  a  number  of  aerobic  aquatic  organisms  (e.g.  Gray 
and  Gest,  1965;  Bullister  et  al.,  1982),  and  is  an  important  intermediate  in 
the  anaerobic  oxidation  of  organic  matter  (e.g.  Sansone  and  Martens,  1 982; 
Scranton  et  al.,  1984;  Novell!  etal.,  1988). 

Hy  is  also  known  to  be  released  to  the  ocean  by  submarine  hydrothermal 
activity,  although  only  a  few  measurements  of  Hy  concentrations  in  hydro- 
thermal  vent  fluids  have  been  reported.  ‘End-member’  vent  fluid  Hy  concen¬ 
trations  in  the  range  of  1-1700  iM  have  been  measured  at  the  East  Pacific 
Rise  (Welhan  and  Craig,  1983;  Lilley  et  al.,  1983),  the  Galapagos  Spreading 
Center  (Lilley  et  al.,  1983),  and  the  Juan  deFuca  Ridge  (Lilley  etal.,  1989). 
In  addition,  Hy  concentrations  up  to  5.0  have  been  reported  for  the  sur¬ 
face  hydrothermal  plumes  associated  with  coastal  volcanism  on  the  island  of 
Hawaii  (Sansone  et  al..  1990, 1991). 
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In  tHe  past,'H;  in  sMwater  has  been  measured  by  gas  chromatography  , 
ih,conjurictipn-wfth'Hg-reduction;7Uy:photometry  detectio^ 
and  Seiler;  j 970;' BullistCT.eti'ah, .  1982) .  This  msthpd  offers  hi^  s'ensi  | 
but  r^uii^  the  use*^of,discrefe  samples  arid  is  consequMtiy  difficult  1 
for-real-time  analyses;  Jn'additibn,  its  complexity  iimits  its’use  for  i  f 
analysM.ffh  this  paper  a.niethod  is  described  which  allows  the  cohti  i 
measurement  'of  Ha  in  liquids  and  gases,  and  which  can  be  used  for  lonj  { 
Hj  inohitoringf  * 

THEORY  OF  OPERATION  J 

I 

The  fuel  cell  Hj  sensor  described  here  is  based  on  the  platinum-cat 
oxidation  of  Hj  coupled  with  reduction  of  Oa  CVielstich,  1965)  ^ 

2Ha-.4H^+4e- 

Oa+4H++4e--.2HaO 

The  two  half-cells  involved  in  these  reactions  use  a  gelled  50%  HaS04  < 
lyte,  and  are  connected  to  an  external  circuit  containing  a  load  resisti  ' 
overall  reaction  is 

2Hi+Oj-.2HjO 

The  resulting  output  current  of  the  two  half-cells,  which  is  measured 
picoammeter,  is  proportional  to  the  Ha  partial  pressure  within  the  ce 
proportionality  is  typically  linear  over  six  decades  (see  below).  , 
A  gas-permeable  membrane  is  used  to  isolate  the  fuel  cell  from  the  i 
Because  the  fuel  cell  can  consume  Ha  faster  than  it  diffuses  through  th  . 
brane,  the  cell  cunent  is  proportional  to  the  diffusion  rate  through  th 
brane,  which  in  turn  is  proportional  to  the  Ha  partial  pressure  in  the 
(either  gas  or  liquid).  The  use  of  a  thinner  membrane,  therefore,  rest  ' 
larger  output  current  than  would  a  thicker  one.  The  minimum  practic: 
brane  thickness  is  determined  by  the  maximum  hydrostatic  pressure 
will  be  subjected  to. 

Equation  ( 1 )  indicates  the  need  for  a  supply  of  Oa  for  sensor  op  . 
This  Oa  can  be  supplied  either  by  the  samples  being  measured,  or,  in 
of  anoxic  samples,  by  a  separate  gas  reservoir.  The  instrument  used 
study  contains  an  approximately  30  m'  internal  gas  reservoir  that  cai  • 
Oa  to  the  fuel  cell  during  the  analysis  of  Oa-depleted  seawater.  Afti  J 
Bushed  with  air,  this  reservoir  is  sufficient  to  allow  sensor  operation  v 
water  containing  I  pM  Ha  and  no  Oa  for  several  months. 

The  fuel  cell’s  response  is  a  function  of  cell  temperature:  higher  t' 
tures  result  in  faster  detector  response  (as  a  result  of  faster  membrai 


[•  Schematic  diagram  of  the  cross-section  of  the  fuel  cell  hydrogen  sensor 
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fpr^ureof  SpWpsi  (20  700  I^a)  for.3  h,  and  at  1200  psi  (8300  kPa)"fo  ‘ 
^.lu'lhe^  pi^surw  corfespond'to;  seawater  depths  of  approximately  207 
'.a&830ape^itively/ . 

The  sei^r  was  heated  during  non-subnierged  operations  with  a  1 00  V 
•V  fl&ible  silicone  rubber  heater.  (Belilove  Co.,  San  Leandro,  ,C^)  regul 
b>'®a  mbdel-CN9U  l  digital/temperature  controller-  (Omejga  Ehynee 
StamfordjCT:),The  heater  was  wrapped  around  the  circumference  of  the 
•  spr,''secut^iMth  table  ties,  and  the  assembly  insulated  with  polyethylene ) 

.  (Bel-Att]P^ucts,= Pequanhbckj  NJ ) .  The  temperature  controller  used  a 
:  K'  tmniature  thermocouple  cemented  to  the  outer  siirfacebf  the  sensor  I 
ing  to  raomtortheceir temperature^  This  configuration  allowed  temper 
Mntrql  tp;i',0.5''C  when  analyzing  gases  or  liquids  of  relatively,  constant 
^ratuTc'(  ±5'C);  In  the  future  we  plan  to  use  a  temperature  confrolle 
.can  inonitpr  the  sensor’s  internal  thermistor  for  better  temperature  regul 
when  surveying  waters  with  large  temperature  gradients. 

A  10  ki3  load  feristor  was  used  in  series  with  the  fuel  cell,  and  a  Ke 
(Cleveknd;  OH)  model  485  picoammeter  was  used  to  monitor  the  cell' 
put  current.  This  picoammeter  can  operate  for  about  10  h  on  its  intern! 
teries,  which  is  ronvenient  for  field  operations.  The  0-2  V  d.c.  analog  ( 
of  the  picoammeter  was  recorded  with  a  Rustrak  Ranger  (Gulton 
Greenwich,  RI)  battery-operated  data-logger  equipped  with  a  0-2  V  c 
put  module.  The  hydrogen  sensor's  internal  thermistor  was  monitort 
recorded  with  a  second  Rustrak  Ranger  equipped  with  a  thermistor 
module.  The  loggers  have  the  capacity  to  store  approximately  60  00 
points  each. 

Upper-ocean  Hi  measurements  used  a  deck-mounted  peristaltic  pi 
collect  samples  from  specific  water  depths  and  to  transport  the  s. 
through  the  cell.  The  system  was  plumbed  with  polypropylene  tubing  o  • 
diameter,  and  the  pump  was  mounted  upstream  of  the  cell  to  prev 
possibility  of  a  partial  vacuum  over  the  gas-permeable  membrane.  T 
water  pumping  rate  was  about  500  ml  min' ' .  ' 

After  data  collection  was  completed,  the  loggers  were  brought  ash 
data  analysis  and  overnight  recharging  of  the  instrument  batteries.  S  ; 

supplied  by  the  data-logger  manufacturer  transfers  the  stored  data 
baud  to  an  IBM-PC  compatible  computer  for  data  storage,  dispi 
analysis. 

Because  the  sensor  responds  to  the  partial  pressure  of  Hi,  it  can  i 
brated  with  either  gas-phase  or  liquid-phase  standards.  Two  pressur 
standards  were  used:  1%  Hi  in  air  (Scott  Environmental  TechnoU  i 
Beroardino,CA),  and  25.1  ppmHiinNi  (AIRCO,  Murray  Hill,  NJ 
standards  either  were  used  directly  or  were  diluted  with  Hi-free  E  ; 
multiple-wall  gas  sampling  bags  (Calibrated  Instruments,  Ardsley,  1 
then  transferred  to  the  cell  using  a  sampling  pump  (Accuhaler  80 


l^ematic  of  the  apparatus  used  to  calibrate  the  sensor  with  aqueous  solutions. 


KenltiilCi  .UncolnsU^^  case,  the  sensor  was  held  at  a  fixed 

"i^ratuie'and  flushei  at  a  flow  rate  of  100  ml  min"'  or  more.  The  Hj-free 
iwasVrepa'red  by  passing  ^  He  through  a  CAT-01  catalytic  combus- 
n  filtet>|(Tra(:e  AMljiical;  Menlo  Park,  CA). 

Rrjic^atMwb  ^pha&^bration  procedure  was  compared  with  liquid-phase 
u^d^pnepared  using  the, app^  shown  in  Fig.  2.  The  latter  allowed  S- 

TO/d  yolumes'of  Hj  g«  standards  to  be  injected  via  a  septum  into  a  500  ml 
^  KMrvoir  containing  water  recirculau.d  through  the  cell.  The  water  flow 
« of, about -SOCl'i^  min"'  was  maintained  by  an  SBE-5  centrifugal  pump 
“•vBird^Elertrohtw,  Bellevue,  WA),  and  a  magnetic  stirrer  in  the  reservoir 
liiMd.m  kwp  the  injected  gas  bubbles  suspended  until  they  were  com- 
lrtelyJdis$'olyed.'S^^^  lengths  of  polypropylene  tubing  (6.4  mm  o.d.,  0.8 
*m,wall)  were  us^  for  all  connections.  Valves  also  allowed  a  4 1  volume  of 
r^ujlibrated  seawater  to  be  circulated.  This  apparatus  allowed  both  sensor 
iUbrationand^the  measurement  of  sensor  response  times,  the  latter  by  pro- 
whg's'tep  changes  in  Hi  concentrations  in  the  seawater  within  the  cell. 
Alnodification  of  the  GC  method  of  Bullister  et  al.  ( 1 982 )  was  used  as  an 
id^'ndent  means.of  measuring  Hz  in  seawater.  These  analyses  were  made 
ith  a  yarian  (Palo'Alto,  CA)  3300  GC  and  an  Hg-reduction-UV-photo- 
wer  detector  (RGD-2,  Trace  Analytical ). 

Bum 

tf 

:fAn,«amp|e  of  gas-phase  sensor  calibration  is  shown  in  Fig.  3.  It  should  be 
t^  that  the  detector  is  linear  over  a  concentration  range  of  more  than  10’. 
hmting  at  35  °C  with  a  gas-permeable  Toralon  membrane  of  50  /im  thick- 
^,'the  dett^ion  limit  was  16  ppmv,  which  corresponds  to  a  dissolved  Hz 
o^’niratidh  in  seawater  of  10  nM  at  23°Cand  35  psu  salinity  (Gordon  et 
LVI977  ).  The  detection  limit  at  this  temperature  with  a  membrane  of  25  /<m 
^Ime^  w^  about  3  nM  (data  not  shown). 

'A'^comparison  of  gas-pb,\se  vs.  liquid-phase  calibrations  of  the  sensor  is 
Mwi  in  Fig.  4.  The  liquid-phase  calibrations  were  made  at  23'’C  with  3.5% 
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Fig.  3.  Typical ga$«pha$e  calibration  curve  for  the  hydrogen  sensor  when  operated  at  35*C  wit 
a  ga$*permeab)e  Toralon  membrane  of  50  ;im  thickness.  Oa$*phasc  concentrations  have  bee 
converted  to  their  equivalent  equilibnum  liquid>phase  concentrations  at  23*C  and  35  psu  $a 
inity.(Gordon  et  at.  1977).  Points  arc  data  from  individual  analyses,  line  indicates  the  leas 
squares  linear  regression  (r^&t0.999). 


Fig.  4.  Companson  of  cell  response  using  gas>phase  (A)  and  liquid'phasc  (O)  standards 
Uquid'phase concentrations  have  been  converted  to  theirequilibnum  gas-phase  concentrations 
at  23*0  and  35  psu  salinity  (Cordon  et  al ,  1977).  Points  are  data  from  individual  analyses, 
lines  indicate  least-squares  linear  regressions  (gas*  currents(i.23xconcentration)Hh6 44. 
r* = 0.999,  liquid,  current = (0  682  Xconcentration )  -  26.3,  0.994 ) 


aqueous  NaCI  using  the  apparatus  shown  in  Fig.  2.  There  was  a  significant 
difierence  in  the  sensor  response  to  gas  and  liquid  standards  with  the  same 
H;  partial  pressures,  although  the  ratio  of  the  two  calibrations  was  constant 
over  a.wide  range  of  concentrations.  The  latter  suggests  that  the  lower 
response  with  liquid  standards  was  not  due  to  simple  H2  losses  from  the  cali- 
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[atiori  apparatus;  which  wouldhe  expected  to  have  proportionally  larger  ef- 
Ss^t’hi^er  concehtrationsilt  is  likelyahat  the  liquid-phase  calibrations 
iflKf  Ihe'effects  df  Ha;tiahsfer  resistance  at. the  liquid-ihembrane  interface 
i^afewfcof-the'presence  of  an  intervening  liquid  film  layer.  Such  a  layer 
SuiS  noPbe  present  during  gas-phase  calibrations,  and  should  be  inveisely 
lated  tqMtepvelqcity, during  liquidrphase  operations  (Lakshminarayan- 
ah;*i969).’'  "  r 

[figure  5jlio_w  cell  response  vs.  fluid  flow  rate  through  the  cell.  The  asymp- 
iticTncrease  in  cefl  response  ,wth  increased- flow  rate  is  consistent  with  the 
»ye-mehtiohed.K^thesis  of  liquid  fi|m  layer  resistance.  The  results  in  Figs. 
;'and;5;also'dem6nsifate  the  need  for  accurate  control  of  liquid  flow  rates 
iiribg  calibration  and  operation,  and  indicate,  that  gas-phase  calibrations  re- 
liire  correctioris.befbre  they  can  be  used  with  liquid-phase  samples.  Never- 
wless,  the  convenience  of  ps-phase  standards  makes  them  preferable  for 
eld  calibrations. 

f In  a  separate  experiment,  the  standard  deviation  for  five  reolicate  spiked 
»water  samples  (1.3  pM)  at  24°C  was  5%.  The  time  for  90%  response  with 
■SPim  membrane  was  6  rain  when  operating  with  a  cell  temperature  of  45  "C, 
nd  1 1  min  at  35"C;  with  a  25  /im  membrane  the  90%  response  time  was  8 
nin  at  40'C,  9  min  at  SO'C,  18  min  at  20'C,  and  24  min  at  lO'C  (data  not 
hown). 

i;(Figure  6  illustrates  the  distribution  of  Hj  in  the  waters  offshore  of  a  shore- 
ine  lava  flow  at  Kalapana,  Hawaii,  as  measured  in  real  time  with  a  ship- 
twril-operated  sensor  system.  The  Hj  isopleths  in  the  figure  were  obtained 
rith  an  automated  contouring  program  (Surfer,  Golden  Software)  using  sen- 


'*8. 5.  Celt  response  vs.  tiquid  flow  rale  through  the  cell.  Data  were  collected  using  spiked  tap 
rater  (about  600  nM  Hj)  with  the  apparatus  shown  in  Fig.  2  Dashed  line  indicates  power 
^efit  of  the  data  (curtent=57Jxflow-rate°'”'‘,  r^~0.91). 
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Fig.  i.  Conioiir  plot  of  diuoivcd  H:  in  the  surface  seawater  h>drothcmtal  plume  r 
coastal  volcanism  at  Kalapana,  Hawaii,  on  23  September  1 990.  Concentration  i 
computed  using  sensor  readings  at  the  hydrocast  stations  indicated  by  the  closed 
lour  interval  is  200  nM,  Arrows  along  the  shore  indicate  sues  of  active  lava  entiyj 

sor  readings  recorded  at  the  29  hydrocast  stations  indicated  in 
Greatly  elevated  Hy  levels  were  measured  in  the  vicinity  of  the  t 
flows  entering  the  ocean,  with  lower  levels  offshore.  The  Hy  i 
reflect  the  longshore  current,  which  was  observed  during  sa.*:  ,‘/li 
ingto  the  southwest. 

In  Rg.  7  the  Hy  concentrations  shown  in  Rg,  6  are  plotted  vi 
seawater  temperature  anomaly  at  the  29  sampling  sites.  The,' 
regression  for  these  data  (solid  line)  is  similar  to  that  obtain^, 
vious  occasions  using  GC  analyses  of  surface  seawater  collect* 
hydrothermal  plumes  along  this  coastline  (dashed  line)  (Sanso 
Unfortunately,  a  GC  detector  malfunction  prevented  GC  Hy 
Crete  samples  collected  during  the  sensor  operations  for  com 
sensor  results.  Nevertheless,  Fig.  7  demonstrates  that  the  « 
results  comparable  with  those  acquired  by  conventional  me 
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Stnsor-musurcd  H]  concenlralion  vs  water  Icmpcraiurc  anomaly  with  respect  to 
ambient  olTshcre  seawater  at  sites  indicated  in  Fig  6.  solid  line  indicates  least-squares  linear 
regression  (Hj=(  134  dr)+276,  rt»i0.90).  0,  Data  from  GC  analyses  of  surface  seawater 
collected  from  similar  hydrothermal  plumes  along  this  coastline  on  three  previous  occasions 
(luting  1989-1990  (Sansonc  ct  al.,  1992),  dashed  line  indicates  least-squares  linear  regression 
:{Hi»  (94,6  JD-h  153.  f‘oO.95). 

lower  values  obtained  from  GC  analyses  may  rellect  losses  of  Hj  during  the 
2(t-36  h  storage  period  between  sampling  and  analysis,  a  source  of  error  that 
does  not  occur  with  real-time  sensor  analyses.  This  latter  effect  is  likely  to  be 
particularly  important  for  labile  species  such  as  Hy. 

DISCUSSION 

The  fuel  cell  Hj  sensor  offers  a  number  of  advantages  over  the  GC-mer- 
cury-reduction-UV-photometer  method  (Schmidt  and  Seiler,  1970)  cur¬ 
rently  used  for  measuring  dissolved  Hy  in  marine  environments: 

( 1 )  the  capability  for  in  situ  analysis; 

(2)  long-term  stability  (similar  power  plant  monitors  are  recalibrated  an- 
.nually  (C.  Beauchemin,  personal  communication,  1 989 )) ; 

(3)  simple  operation; 

(4)  rugged  construction; 

(5)  moderate  cost; 

(6)  a  tack  of  artifacts  from  sample  collection,  transport,  storage,  and 
manipulation. 

A  major  advantage  of  this  sensor  over  other  reported  H2  sensors  is  its  tol¬ 
erance  to  hydrogen  sulfide:  it  has  been  subjected  to  a  H2S-saturatcd  aqueous 
solution  for  30  h  without  loss  of  Hj  sensitivity  (Pauss  et  al.,  1990).  Pauss  et 
al.  also  reported  that  the  sensor  does  respond  to  H^S,  albeit  with  a  molar  re¬ 
sponse  ratio  2.1  X 10'  times  less  than  for  H2.  This  level  of  interference  should 
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be'acceptable,  for,  example, :in, the  case  of  hydrothermal  vents  analyses.  As- 
•suming!an?aveyage>high4’empetature  hydrothermal  vent  end-member  HjS 
wncentrati6n;of-TmMr(Von,pamm,et  al.,  i985),  the  sensor  output  would 
•^ije  elevated  by.  the  equiyient  of  6.3  /iM  Hi.as  a:result  of  the  sulfide  interfer- 
enceytThis  issmall  compared'with  the  SdO-ITQO/iM  H2  concentrations  mea¬ 
sured  iit  these  .vent  eh3-members(Welhanahd  Craig,  1983). 

'Altho'u^i  the  fuel  celi'sensor  has  a  large  dynamic  range  (about  10‘,  with  an 
.  upper  d^tectidii  limit  of  about  5  mM  )*,  it  cannot  meaju:e  background  oceanic 
H)  concentrations: (about  0.2-i.5  nM).  Nevertheless,  its  detection  limit  of 
-ip  nM  at  35°C  altows'.the  measurement  of  even  highly  diluted  hydrothermal 
plumes.' As  illustrated  in  Table  1,  the  high  concentration  of  H2  in  end-member 
hydrothermal  fluids  relative  to  ambient  seawater  allows  the  fuel  cell  sensor  to 
offer  a  usable  dynamic  range  that  is  much  superior  to  that  of  in  situ  temper¬ 
ature  measurements  and  is  nearly  as  large  as  those  for  shipboard  methane,  Fe 
and  Mh  measurements. 

Two  modes  of  H2  sensor  deployment  are  likely  to  utilize  effectively  its  in¬ 
herent  advantages. 

( 1 )  Real-time  in  situ  H2  sensing  on  towed  platforms  and  submersibles.  This 
would  be  a  direct  application  of  the  sensor  described  here.  Such  a  system  could 
prove  valuable  in  the  mapping  of  submarine  hydrothermal  vent  systems  (or 
other  hydrogen  sources)  over  large  areas  of  the  seafloor. 

(2)  Fixed  location,  real-time  in  situ  sensor  measurement  of  the  temporal 
variability  of  hydrothermal  systems.  Such  a  system  would  need  a  means  of 
controlling  biofouling  and  the  settling  of  hydrothermally  produced  particles 


TABLE  I 


A  companion  of  ihr  usabk  dyni'mic  ranges  of  hydrothermal  vent  sensing  systems  suitable  for  real* 
time  or  near«real  time  analyses 


Pafame'er 

Vent  water 
composition 

Ambient 

composition 

Analytical 

precision 

Usable  dynamic  range 

Temperature 

(low-Tvent) 

30’C 

4X 

000S*C 

5  2X10* 

Temperature 

(highTvent) 

350*C 

4*C 

OOOS^C 

6  9X10* 

Silica 

16-  20pM 

0  16/iM 

0002pM 

(7  2-9  9)XlO» 
(00S-L4)X10’ 

Methane 

50-1400iiM 

i  nM 

0.1  nM 

Iron 

750-1660 /iM 

0001  ;iM 

0  00002 /iM 

(3.7-S3)xlO’ 

Manganese 

700-1000;(M 

OOOI;iM 

0  00002 /iM 

(3S-50)XI0’ 

Hydrogen 

t-1700pM 

10  nM* 

InM 

(0001-1  7)XI0‘ 

Usabledynamtcninges(ventwatercomposition-ambiem  water  composition  (or  detection  limit,  if 
higher))4-analytical  precision.  Vent  water  chemical  composition  data  are  for  the  East  Pacific  Rise 
(Welhan  and  Craig.  I9S3,  UUey  ei  a1 , 1983.  Von  Damm  et  al .  1985)  and  the  Juan  de  Fuca  Ridge 
(Utley  etal.  1989). 

•Detection  limit  of  sensor 
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,Within4he^ceIl.,A.R0ssible^a^^^  the  use  of  an  ultrasonic  transducer 

.mounted  within.the  sensor’s  sample  cavity  that  would  be  activated  at  fixed 
.  intemlstg  dislqSge  attached  material:  Thjs  technique  has  been  successfully 
usjM  to,contrpfbiofoufingqn  in  situ  ihsthiments  used  for  estuarine  pollution 
(moniforingXfcWojlSt/person^^^  1990). 

The  use  of  a  submerged  sensor  on  towed  platfonns  or  fixed  monitoring  sta¬ 
tions  would  require  the  lise  of  signal-processing  electronics  mounted  in  a  pres- 
sureVasey  MiniaturiKd  electronics  suiw^^^  installation  in  a  pressure  case 
of  8.5  cm  diameter  are  cuirentiy  being  built  in  the  author’s  laboratory.  This 
equipment  uses  a, miniature  picoammeter  (Keithley  model  18000-20)  to.- 
gethef.with  custom  circuits  for  power  supply  and  range  control.  Details  will 
be  provided  in  a  later  paper. 

CONCLUSIONS 

Although  there  is  widespread  interest  in  in  situ  chemical  sensors  for  marine 
applications,  there  remain  very  few  available  for  oceanographic  use.  The  fuel 
cell  Hj  sensor  offers  distinctive  advantages  and  a  few  disadvantages  for  ma¬ 
rine  applications.  On  the  positive  side,  the  sensor  is  available  at  relatively 
moderate  cost,  is  suitable  for  submersible  applications,  is  not  adversely  af¬ 
fected  by  hydrogen  sulfide,  shows  good  long-term  stability,  and  can  provide 
near  real-time  measurements  of  Hj  concentrations.  On  the  negative  side,  the 
sensor  suffers  from  a  relatively  slow  response,  and  an  inability  to  measure 
accurately  background  (air-equilibrated)  concentrations. 

This  sensor  seems  best  suited  for  monitoring  elevated  H2  concentrations  at 
fixed  sampling  points,  such  as  long-term  in  situ  measurements  of  hydrother¬ 
mal  vent  fluid  composition.  Other  possible  applications  include  deployment 
on  research  submersibles,  where  low-speed  maneuv'  ring  is  common,  and  op¬ 
eration  from  surface  vessels  under  way  at  relatively  low  speeds.  These  appli¬ 
cations  could  provide  unique  opportunities  to  advance  significantly  our  un¬ 
derstanding  of  the  temporal  and  spatial  variability  of  marine  hydrothermal 
systems. 
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.CHAPTER  VIII: 


CONCLUSION 


The  PHtMIS  diode- experiments  conducted  in  a  controlled  environment 
have- been  completed;  the  current_-to-vpltage  converters  have  been  built; 
the  imde^ater  hydrogen  sensor  lus  been  designed.  Both  the  palladium 
metal  insulator  semiconductor  diode  and  the  fuel  cell  hydrogen  sensor 
detect  background  cdhcencratlon  .of  hydrogen  in  terms  of  current  across 
the  sensors.  The  diode's  currents  resulting  from  the  presence  of 
hydrogen  in  the  environment  are  in  Che  approximate  range  of  10  pA  to  25 
mA,  whereas  the  current  acorss  the  fuel  cell  lies  approximately  in  the 
range  of  10  pieo  amperes  (1  pA  •>  10  A)  to  100  nano  amperes  (1  nA  - 
10  A),  It  is  much  easier  Co  swasure  and  detect  current  in  the  pA  range 
rather  than  in  the  pA  range. 

The  currents  in  the  range  of  mA  to  ;iA  are  relatively  small.  Before 
we  transsdt  these  signals  through  an  underwater  cable  it  is  necessary  to 
convert  these  weak  currents  to  higher  voltage  signals  (e.g.  in  the  range 
of  0  to  2  volts).  Generally,  we  prefer  transmission  of  large  signals  to 
SBum  signals  because  larger  signals  suffer  less  from  the  noise  of  the 
transmission  medium. 

By  properly  designing  the  current>to-voltage  converter  circuits  and 
selecting  the  suitable  electronic  components,  I  was  able  to  build  these 
circuits  in  miniature. 

Skill,  caution  and  patience  are  required,  to  successfully  solder 


these  circuits  on  small  predrilled  boards.  The  soldered  circuit 
together  with  the  batteries  can  fit  inside  a  steel  pressure  cyclinder  3 


(J/j®\^5?S'-'SS5-*  in  developing  this  underwater 

;S.i^*l?tt'?)^Mrogen!sensdr^b'ne--s^^  to  build  the  heater  and 

the 'heater  can  be  powered  by  the  same  batteries 
'ft?  '?!;V‘=“reht-to-vdltage  converter..  In  addition,  one  should  try  to 
'*®?®-thei,ihstability  ahd:a'ging;problns  of  the  Pd  device  due  to  hydrogen 
induced  drift  (HID)  and  blister  formation  on.  the  Pd  surface.  In  order 
to.  elimlMte  the  HID  phenomenon,  one  can  introduce  a  thin  layer  of 
alumina  between  the  palladium  gate  and  the  silicon  dioxide.  Reducing 
the  blister  formation  can  be  achieved  by  increasing  the  thickness  of  the 
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SUMMARY  OF  RESEARCH'  (3/1/88  -  9/20/88) 

Design.  Fabrication,  and  Testing  of  Improved  Sens.or 

The  fuel  cell  sensor  has  been  improved  in  several  respects  (Figure  lA), 
the  details  of  which  are  described  below. 

Greater  senslcivlcy  •  We  have  Increased  the  sensor’s  sensitivity  by  1)  using 
a  Kelthley  plcoammecer  to  measure  the  cell  output  current,  rather  chan 
continuing  to  use  a  conventional  shunt-type  ammeter,  and  2)  using  an  optimal 
fuel  cell  from  the  vendor's  inventory,  rather  chan  selecting  it  rardomly. 

The  minimum  detectable  limit  is  now  4  nM,  as  compared  to  a  limit  of  IS  nM  in 
our  original  Instrument.  Linear  response  continues  to  exceed  five  orders  of 
magnitude. 

Improved  vent  port  sealing  ■  We  have  had  problems  with  leaks  in  the  vent  port 
when  operating  at  elevated  pressures.  We  now  use  a  sealing  screw  with  an 
integral  o-ring  and  teflon  washer  (Abscoa  "Uni-Seal"  fastener).  This 
modification  appears  Co  have  solved  Che  leakage  problems. 


Preparation  of  Sensor  Systems  for  Submersible  Deployment 

Considerable  time  has  been  spent  developing  Che  sub-systems  needed  to 
deploy  Che  sensor  on  the  research  submersible  PISCES  V  (Figure  2A) .  This 
work  is  described  below. 

data  logger  -  We  have  determined  that  Rustrak  Ranger  handheld  data  loggers 
offer  the  best  balance  of  features  for  our  application.  These  instruments 
use  rechargeable  batteries,  have  four  input  channels  which  can  handle  a 
variety  of  signals,  and  easily  transfer  their  data  to  microcomputers. 

Ancillary  systems  ■  Several  subsystems  needed  to  be  built  for  field 
operations.  These  included  a  power  supply  for  the  pump,  underwater  cables 
and  connectors,  and  seawater  plumbing.  In  addition  to  fabrication,  these 
subsystems  required  testing  and  integration  with^oraplete  system. 


Development  of  operational  procedures  -  A  variety  of  procedures  were 
developed  foi  field  installation,  operation,  and  calibration  of  Che  sensor 
These  procedures  were  tested  during  field  operations  (see  below) 
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Figure  1.  A)  Cross-seccion  schematic  diagram  of  fuel  cell  hydrogen  sensor; 
width  of  the  sensor  body  is  2.5  inches.  B)  Modified  sensor  with  integrated 
picoammeter/ohmeter  for  use  with  Sea-Cat  profiler, multiplexer. 
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Figure  2.  A)  The  present  method  of  deploying  the  hydrogen  sensor  on 
PISCES  V.  B),  Planned  configuration  of  hydrogen  sensor  interfaced 
with  Sea-Cat  profiler/multiplexer  on  PISCES  V. 
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Pressure  .testing:  -  Pressure  tests  of  the.  sensor  systems  were  conducted  at  the 
Engineering  Support  Facility,,  Hawaii  Institute  of  Geophysics.  These  tests 
indicated  that  2-niii  thick  membrane,  are  the  . thinnest  usable  to  depths  of  2000 
m.  'These  .tests  also  identified  the  vent  port  as  the  site  most  likely  to  leak 
under  pressure;  subseq  lent  design  changes  have  eliminated  this  problem  (see 
above) . 

Calibration  and  linearity  testing  -  As  stated  previously,  these  tests  have 
indicated  near-backgfound  sensitivity  and  a  wide  dynamic  range  for  both  gas 
mixtures  and  seawater.  The  latter  experiments  required  the  construction  of  a 
test  fig  for  creating  and  circulating  dilute  seawater  hydrogen  standards. 

This  apparatus  is  Illustrated  in  Figure  3. 

Response  time  measurement  •  The  above-described  test  rig  was  also  used  to 
examine  the  response  time  of  the  system.  During  system  optimization  we  have 
reduced  the  time  for  90%  response  from  15  minutes  to  approximately  10 
minutes . 

Tenperature  effects  •  We  have  recently  begun  using  a  thermostated  version  of 
the  apparatus  shown  in  Figure  3  in  order  to  determine  accurately  the 
temperature  dependence  of  the  sensor  response. 


Field  Testing 

Initial  submersible  deployment,  Kailua-Kona,  Hawaii  •  An  initial  deployment 
of  the  sensor  system  aboard  PISCES  V  was  conducted  in  July  in  order  to 
determine  the  suitability  of  the  system  for  field  operations.  This  test  was 
successful,  and  allowed  planning  for  further  field  deployments. 


Loihi  Seamount,  Hawaii  ■  During  the  period  of  23-30  September  1988  we  plan  to 
use  the  sensor  system  to  examine  the  hydrogen  content  of  hydrothermal  plumes 
at  Loihi  Seamount,  Hawaii.  These  PISCES-based  deployments  s.wuld  result  in 
scientifically  useful  data,  an  initial  report  on  these  dives  will  be  given  at 
the  AGU  Fall  Meeting. 


WHOI  Workshop  on  Marine  In-Situ  Sensors 

The  PI  was  invited  to  participate  in  a  workshop  entitled  "In-Situ 
Chemical  Sensors  for  Detecting  and  Exploring  Ocean  Floor  Hydrothermal  Vents", 
which  took  place  on  June  28-29  1988  at  the  Woods  Hole  Oceanographic 

Institution.  The  workshop  was  sponsored  by  a  grant  from  the  Mellon 
Foundation.  The  activities  of  the  hydrogen  sensor  project  were  discussed 
during  a  15  min  invited  presentation  by  the  PI. 


Figure  3.  Apparatus  used  to  measure  the  detector  linearity  and  response 
rate  with  seawater. 
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Applications 
19#f89’ 

•i;..;FRpJECT.:Sdi^Y 

A -corieroial  fuel:  cell  sensor ‘has  been  modified  for  use  as  an  in 
situ.’ mpnicdr  of'.dissolved-.bydrbgen' in.  seawater.  The  current  project  is 
conducting'  initial  iaboratbry-  testing,  of  the  sensor,  and  will  be 
performing.. preliminary  field  ■testing,  ’aboard  the-  research  submersible 
PISCES;  in  February  1988,.  during  .diveb.  on.  the  hydrothermal  vents  at 
Lpihi'  .Seambunt  offi  the  Is^nd  ot  -Hawaii.  Additional  funding  is 
requested  for -further  laborato^  . and  field -experiments  to  determine  the 
potential  of  .tH'e  fuel  cell, .ihydrpgen  sensor  for  .marine  applications. 
Laboratory  experiments-  will  .include  tests  of  sensor  linearity,  and  the 
effects  of  temperature  and  hyrbstatlc  pressure  on  sensor  response. 
Submersible  dives  will  aim  to.  produce  a  three-dimensional  map  of 
hydrogen  distribution  around  the  summit  of  Loihi.  Ue  will  also 
Investigate  the  following  means  of  improving  the  sensitivity  of  the 
instrument;  improvements  in  the  sensitivity  and  stability  of  the 
electronics,  operation  of  the  sensor  at  a  fixed  elevated  temperature, 
and  the  use  of  a  thinner  gas-permeable  membrane  in  the  sensor. 


B..  INTRODUCTION 

Although  H,  is  known  to  be  a  major  intermediate  in  aquatic  and 
sedimentary  biogeochemical  cycles  (e.g.,  Gest  19SA,  Gray  and  Gest  1965, 
Oremland  1983),  only  a  very  limited  amount  of  research  has  been 
reported  on  biogeochemically-produced  dissolved  H,  in  aerobic  seawater 
(Herr  and  Barger  1978,  Herr  et  al.  1981,  Bullister  et  al.  1982, 
Scranton  et  al.  1982),  anoxic  seawater  (Scranton  et  al  198A),  and 
marine  sediments  (Novelll  et  al.  1987).  This  work  has  indicated  that 
is  released  to  seawater  during  bacterial  and  algal  activity,  and  may 
serve  as  an  indicator  of  these  processes.  In  additi-an.  relatively 
large  amounts  of  Hj  are  released  during  the  corrosion  of  metals. 
Research  in  these  areas  has  been  significantly  constrained  by 
analytical  difficulties:  the  analyses  presently  require  complicated 
procedures  using  complex  instriunentatlon  (Schmidt  and  Seiler  1970) 
because  of  the  very  low  concentrations  Involved  (<1  nM  in  seawater,  and 
2-60  nH  in  marine  sediments). 

Hydrogen  has  also  been  measured  in  gases  released  from  terrestrial 
volcanic  fumaroles  and  geological  faults  (Saco  and  McGee  1982.  Sato  et 
al.  1986)  using  a  fuel  cell  sensor  similar  to  that  proposed  here,  but 
this  approach  has  not  been  used  in  ocher  scientific  disciplines. 
Measurements  of  H,  in  submarine  hydrothermal  fluids  (Lilley  et  al 
1983;  Uelhan  and  Craig  1979,  1983)  have  been  thus  far  restricted  to 
samples  collected  very  near  the  sources  of  hydrothermal  fluids;  H, 
concentrations  in  undiluted  hydrothermal  fluids  are  reported  to  be 
approximately  350-1700  pM. 

This  project  aims  to  test  and  optimize  a  prototype  instrument  for 
the  purpose  of  examining  the  utility  of  fuel  cell  sensors  for  real  time 
jn  situ  measurement  of  dissolved  H-  in  Che  marine  environment  The 
proposed  technique  will  utilize  a  miniature  fuel  cell  sensor  that  has 


recently  been  developed'  for  the  nuclear  power  industry,  but  has 
heretofore  hot vbeen  used. for- environmental,  analysis. 

The  ;fuel  cell  HI.  sensor  offers  a,  number,  of  advantages  over  the  gas 
chromatograph/mercury-reduction/pho'tometer  method  (Schmidt  and  Seiler 
1970)  currently  used  for  measuring  dissolved  H2  in  marine  environments:* 

1)  capability  for  in  situ  analysis  * 

2)  very  large  dynamic  range  (upper  concentration  limit  is  100 

cc/kg) 

3)  long  term  stability  (power  plant  monitors  are  recalibrated 

annually) 

h)  simple  operation 

3)  lack  of  artifacts  from  sample  collection,  manipulation  and  storage. 

Thera  are  two  major  limitations  of  the  existing  fuel  cell  sensor  for 
marine  applications: 

1)  the  detection  limit  is  currently  approximately  15  nM 

2)  the  detector  currently  requires  approximately  3  min  for  a  stable 

reading  at  high  concentrations,  although  the  Instrument  responds 
nearly  instantaneously  to  changes  in  H,  concentration:.  the 
response  is  presently  2-4  times  slower  at  maximum  sensitivity. 

Despite  the  limitations  noted  above,  the  fuel  cell  sensor  has  the 
potential  for  considerable  utility  as  a  means  of  detecting  the  presence 
of  hydrothermal  fluids  in  seawater.  Table  1  compares  the  relative 
usefulness  of  three  key  indicators:  temperature  (platinum  resistance 
thermometry) .  methane  (gas  chromatography  with  flame  ionization 
detection) .  and  hydrogen  (using  existing  and  optimized  fuel  cell 
sensors).  Even  with  existing  fuel  cells,  hydrogen  sensing  is  superior 
to  temperature  measurement  of  low  temperature  vents  such  as  at  Loihi; 
with  an  optimized  fuel  cell,  hydrogen  sensing  has  the  potential  to 
greatly  exceed  the  capabilities  of  temperature  and  methane  detection. 
The  capability  of  in  sicu  measurement  makes  hydrogen  sensing  even  more 
advantageous . 

C.  RESULTS  FROM  CURRENT  ONR  SUFPORT 
Instrument  Description 

Figure  1  shows  a  schematic  diagram  of  the  sensor  system  chat  was 
designed,  built,  and  assembled  as  part  of  the  current  ONR  project.  The 
system  consists  of  two  main  sub-systems’  a)  a  submersible  sensor/pump 
package  mounted  on  an  aluminum  baseplate  (Figure  2),  and  b)  an 
electronics/data-logger/pump-control  assembly  designed  for  mounting  in 
a  standard  electronics  rack  (Figure  3) 

The  Hydran  202  hydrogen  sensor  is  pressure  raced  at  4000  psi  by 
ICS  manufacturer  (Syprotec,  Tampa,  FL),  which  is  well  in  excess  of  the 
the  1300  psi  hydrostatic  pressure  at  the  depth  of  the  Lothi  summit 
(approximately  1000  m)  The  sensor  has  been  fitted  with  an  underwater 
electrical  connector,  and  is  wired  to  the  electronics  package  mounted 


I  I  -< 

if  ,,  Table  1.  Ajoonparisqn  of  the  usable  dyn^lc  range  of  hydrothermal  vent 

f '  ^  sensing,  syst'emst  '^Usable  d^ainic'  range-  7  (vent  water  composition  - 

'(  ■  ambient  water  co^ositfioh  (or  detection  limit,  if  higher))  r 

f-  analytical  precision.  Vent  water  methane  and  hydrogen  composition  data 

?:  '  are  for  the  East  Pacific  Rise  (Whelan  and, Craig  1983). 


Parameter 

Vent  water 
composition 

Ambient 

composition 

Analytical 

precision 

Usable  dynamic 
range 

Temperature 
(low  T  vent) 

30  C 

4  C 

0.005  C 

5.2  X  10^ 

Temperature 
(high  T  vent) 

350  C 

4  C 

0.005  C 

6.9  X  10* 

Methane 

50-65  uM 

1  nM 

0.1  nM 

5. 1-6. 5  X  10^ 

Hydrogen 

(present 

instrument) 

360-1700  uM 

15  nM 

(detection 

limit) 

10  nM 

0.4-1. 7  X  10^ 

Hydrogen 

(optimized 

instrument) 

360-1700  uM 

0.3  nM 

0.03  nM 

1.2-5. 7  X  10^ 

HULL  CONNECTORS 


bcliem<uic  diograni  of  pump/sensor/electronics/data-logger  system  for  PISCES 
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inside  PISCES  V  via  a  through-hull  connector.  The  power  supply  for  the 
submersible  pump  (Sea-Bird  Electronics,  Bellevue,  WA) .  which  is  raced 
for '6000  m  depth,  is'  connected' in  a  similar  fashion. 


The  sensor/pump  package  will  be  .bolted  to  an  aluminum  rail  on  the 
foreward  exterior  of  the  research  submersible  PISCES  V,  and  a  1/4-inch 
polypropylene  tube  will  draw  seawater,  for  analysis  from  immediately 
above  Che  pilot's  viewing  port.  This- seawater  will  be  discharged  along 
the  port  flank  of  the  submersible  after  passing  thru  the  sensor.  The 
filter  between  the  sensor  and  the  pu^  is  a  coarse  Teflon  mesh  designed 
to  prevent  the  clogging  of  tlie  3’  mm  orifice  in  the  pump  inlet  that 
controls  Che  pumping  race.  The.  sensor  sends  two  signals  to  the 
electronics  module  inside  the  submersible;  one  reports  Che  seawater 
temperature,  and  the  ocher  is  the  current  produced  by  the  fuel  cell  in 
response  to  Che  seawater  dissolved  hydrogen  concentration. 


The  Hydran  102  electronics  module  provides  an  approximate 
temperature  compensation  of  Che  fuel  cell  current  signal  using  data 
from  a  thermistor  mounted  in  Che  probe  (the  correction  is  only  useful 
for  relatively  small  temperature  changes  because  it  allows  an 
approximately  0.5%/  c  error  after  correction)  The  electronics  module 
supplies  a  0-2  volt  signal  to  one  channel  of  the  four-channel  portable 
Ruscrak  Ranger  data  logger  (Culcon  Industries,  East  Greenwich,  RI). 
The  data  logger  digitizes  the  voltage  signal,  and  scores  the  data  in 
memory  for  recovery  after  completion  of  the  dive  (the  logger's  storage 
capacity  is  approximately  60,000  data  points).  The  logger  can  easily 
be  disconnected  from  Che  electronics  module,  and  brought  to  the  support 
ship  for  data  transfer  and  overnight  recharging  of  the  logger's 
batteries.  Software  supplied  by  the  data  logger  manufacturer  transfers 
the  stored  data  at  9600  baud  to  an  IBM-PC  compatible  computer  for  data 
storage,  display,  and  analysis. 


In  Che  month  chat  has  elapsed  since  the  delivery  of  the  sensor  and 
electronics  from  Che  manufacturer  we  have  used  mixtures  of  hydrogen  rn 
air  for  initial  testing  of  the  system's  sepsicivicy  and  linearity 
These  results  (Figure  4)  can  be  extrapolated  to  seawater  samples  by  use 
of  Henry's  Law  and  the  appropriate  Bunsen  coefficients  (Gorden  ec  al. 
1977)  because  the  sensor  response  is  proportional  to  Che  hydrogen 
partial  pressure  in  either  a  gas  or  a  liquid.  The  detector  displayed 
linear  behavior  from  20  ppm  (13  nM  in  35/oo  seawater  at  24°C)  to  1400 
ppm  (940  nM) ,  Che  highest  concentration  tested,  while  operating  at  Che 
second-most  sensitive  range.  A  lower  detection  limit  should  be 
possible  with  the  most  sensitive  range,  although  there  will  be  a 
lengthening  of  the  response  time 


Ue  plan  to  begin  shortly  the  laboratory  testing  of  the  svscem's 
linearity  and  sensitivity  with  recirculated  seawater  sa-mples  at  room 
temperature.  Upon  completion  of  these  measurements  we  will  pressure 
test  the  sensor  and  pump  using  the  seawater  pressure  cell  at  the  Hawaii 
Institute  of  Geophysics  Engineering  Support  Facilitv 


The  instrument  will  be  deployed  for  the  first  time  in  February, 
1988  during  a  series  of  PISCES  V  dives  on  Loihi  Seamount.  We  will 
operate  the  instrument  with  the,  approximate  temperature  compensation 
currently  “ built  into  the  electronic,  module,  but  will  also  record 
ambient  temperature  data  froia  thermistors’  aboard  PISCES  V  for  later 
correction  of  the  'raw  Hj  data.  This  temperature  correction  will 
require  data  to  be  collected  as  part  of  the  proposed  research  (see 
below)’. 
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RESULTS  OF  PRIOR  RESEARCH 

Sampling  was  conducted  during  May  -  duly,  1^  at  Kupapau  PoinL  Hawaii  as  part  of  previously  funded 
01^  research  entitled  'Development  bf  an  In-Situ  Di^lved  Hydrogen  Sensor  for  Marine  Applications', 
Contract  No.  NOOOI'W-K-OISL  IV-A  (Sansone  et  al  1989).  These  studies  were  conducted  in  assodation 
,with.  Dr.  .  Ken -  Hon  - of  the  'U.S.  Geologic^  Survey's  - Hawaii  Volcano  Observatory,  which  provided 
transportation  and  aews  to  assist  with  manual  (shore-based  theodilite)  and  electronic  (Mini-Ranger) 
navigation  during  sampling. 

■Bathymetry 

The  nearshore  bathymetry  was  measured  with  a  fathometer  during  these  cruises  (Fig.  3).  The  incline 
of  the  seafloor  in  the  study  area  is  approximately  30-45°,  which  results  in  frequent  slumping  of  the 
unconsolidated  debris  which  is  the  dominant  bottom  cover.  This  debris  is  the  result  of  the  fracturing  of  lava 
upon  contact  with  seawater. 

Surface  Temneratiire 

Figure  4  shows  the  surface  seawater  temperature  for  the  Kupapau  Point  region  on  6/11/89.  The  data 
clearly  shows  the  localized  nature  of  the  lava  activity  on  this  day.  In  contrast,  sampling  on  7/26/89  showed 
temperature  anomalies  at  several  points  aaoss  the  sampling  area  (this  data  has  not  been  contoured  yet,  but 
will  be  available  for  the  11/89  01^  site  visit). 

■Pi559lY8  j  Gam 

Seawater  was  sampled  from  immediately  adjacent  the  nearshore  surface  and  underwater  lava  flows 
from  Kilauea  Volcano.  In  summary,  highly  elevated  levels  of  dissolved  Hj  were  measured  in  the  surface 
seawater  plume  immediately  overlying  the  active  underwater  lava  flows,  with  lower  concentrations  observed 
as  distance  inaeased  from  this  point.  Immediately  above  the  active  flows  the  Hj  concentrations  reached  11 
fiM,  which  is  a  50,000-fold  inaease  over  the  background  Hj  concentration  of  approximately  0.2  nM;  the 
temperature  of  this  water  as  44  °C. 

Fig.  5  shows  a  schematic  diagram  of  the  fuel-cell  sensor  used  to  continuously  momtor  dissolved  Hj  in 
seawater.  The  cell  is  3  inches  in  diameter,  and  can  be  used  for  analyzing  either  gases  or  liquids  (it  responds 
to  the  Hj  partial  pressure).  When  equipped  with  a  2-mil  thick  gas-permeable  membrane  the  sensor  can  be 
used  to  depths  of  2000  m,  but  requires  approximately  12  minutes  for  stable  readings.  However,  an  1-mil  thick 
membrane  can  be  used  for  surface  work,  which  deaeases  the  response  time  to  approximately  8  mmutes.  Fig 
6  shows  the  setup  used  for  sampling  surface  seawater  Hj  concentrations  at  Kupapau  Point.  (The  sensor  can 
also  be  used  with  a  submersible  pump  used  for  deepwater  applications.) 

Hg  7  shows  the  distribution  of  dissolved  Hj  in  the  surface  waters  offshore  of  Kupapau  Pomt  on 
6/11/89.  In  this  sampling  the  fuel-cell  sensor  was  fitted  with  a  2-mil  thick  gas-permeable  membrane,  which 
resulted  in  slow  detector  response.  Nevertheless,  the  hydrogen-nch  surface  plume  is  discernible  from  this 
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dati.-  Later  sampling  on  used  a  Irmil  ^dc  membr^e,  and  showed  a  faster  response  (and  hence, 

^ttcr,spatiaI'rcs'oIution);,however,  the  raw  navigation^  ^ta'for  that  sampling  has  not  yet  been  reduced, 
so  the  H^'fKults  cannot  ^  contoured  and  aimpai^  directiy  with  the  results  in  this  figure.  Disaete  surface 
J  sampica  collected  in  the.thenh^  mmdmum  Mntained  i.2  jlM  (i  0.2  dissolved  Hj  on  6/H/89,  and  1.8  - 

ll;/iM.;dis»lved:i^.on  7/26/^;  these, ^ples  were  ahalj^ei  in  Honolulu  the  next  day  using  the  gas- 
clnomato^aphy/Hg-reduction/UV-photom'et^  methoi 

The  dissolved  hydrogen  and. methane  concentrations  of  the  discrete  surface  samples  are  plotted  vs. 
water  temperature  in  8.  The  hydrogen  plot  shows  good  ^ewty,  and  an  extrapolation  of  the  trend  line 
fa  to  i0O°  C  yields  a.Hj  concentration  of  3  fiM:  lit  contrast,  methme  concentrations  in  the  plume  were  not 

significantly  greater  than  the  low  nM  levels  t^ically  found  in  nearshore  Hawaiian  waters,  which  is  in  marked 
contrast  to:the  elevated  CH^  leyeU:seeh  a  spreading  center  hydrotherm^  plumes  (e.g.,  Welhan  and  Craig 
19^,  Charlou  et  ah  1988).  We  believe  that  the  Hj'  in  the  plime  is  primarily  due  to  the  reaction  of  water  with 
iron  at  elevated  temperatures,  which,  earlier  this  century,  was  a  common  mdustrial  process  for  Hj  production 
(e.g,  beming  i935); 

1. 

3Fe(s)  +  4HjO(g)  « =  =  >  FejO^(s)  +  4H2  delta-H  =  -343  kcal/mole.  (1) 

700*C 

This  is  consistent  with  the  widely  accepted  view  of  local  volcanologists  that  much  of  the  magmatic  gas  is 
vented  through  the  Pu'u  O'o  cinder  cone  and  its  associated  fissures  immediately  after  the  magma  reaches 
■  the  surface  from  its  source  in  the  earth's  mantle  (Fig  2)  (pers.  comm.:  K.  Hon,  F.  Truesdale,  USGS).  This 

interpretation  is  also  supported  by  the  analysis  of  released  gas  bubbles  (see  next  section). 

Gas  BuWm 

Large  numbers  of  gas  bubbles  are  released  at  this  site  to  the  overlying  seawater,  some  of  which  make 
it  to  the  air-sea  interface  and  are  then  transported  to  the  atmosphere.  The  major  sources  of  gas  bubbles 
include  the  contaa  of  red-hot  sheet  flows  and  pillow  lava  with  seawater,  the  discharge  of  underwater  hot 
springs  (resulting  from  the  contact  of  seawater  with  lava  in  buried  lava  tubes),  and  explosions  occurring  at 
the  upper  surface  of  the  sheet  flows  (presumably  due  to  the  combustion  of  Hj).  Bubbles  collected  by  divers 
with  inverted  bottles  were  returned  to  our  laboratory  for  analysis;  they  contained  approximately  5-12%  Hj 
(v/v),  as  well  as  very  low  levels  of  CH^  and  COj  (<  <1%). 

These  results  are  consistent  with  Hj  production  from  the  thermal  dissociation  of  water,  because  the 
release  of  magmatic  gas  would  be  expected  to  result  in  higher  levels  of  COj  and  lower  levels  of  H2  being 
released.  This  is  because  the  composition  of  gas  released  by  Kilauea  Volcano  is  typically.  0.1-30%  SOj.  1-9% 
CO2,  0.1-13%  H«  0.1-4%  HjS,  0.005-02%  CO,  and  >0.005%  CH«  (Greenland  1987).  However,  He-3 
measurements  will  be  needed  to  determine  unambiguously  the  relative  importanc.  of  magmatic  gas  inputs. 

Other  Surface  Seawater  Measurements 

Surface  seawater  samples  were  collected  for  organic  and  inorganic  nutrient,  trace  metal,  and  major  ion 
analyses  in  order  to  determine  the  first-order  distribution  of  these  speaes  throughout  the  plume.  Except  for 
a  marked  inaease  in  silica  within  the  plume,  there  was  not  a  signifleant  change  in  inorgamc  or  organic 
nutrients  from  ambient  seawater  levels.  Dissolved  Mn  was  highly  enriched  in  the  plume,  while  Fe  and  Hg 
showed  depletion.  Major  ion  analyses  have  not  yet  been  completed,  but  these  data  will  be  available  for  the 
November,  1989  ONR  site  visit. 

End-Member  Samples 

In  collaboration  with  P.  Sedwick  and  G.  McMurtry  of  the  UH  Oceanography  Department,  'end- 
member*  samples  were  obl^ed  from  the  orifice  of  an  underwater  hot  sprmg  at  20  m  depth  (temperature 
=  ~95*C,  pH  =  -6),  the  water  feeding  the  sprmg  was  heated  by  molten  lava  flowing  in  a  lava  tube  buried 
less  than  a  few  meters  below  the  ocean  bottom.  The  water  exitmg  the  hot  sprmg  had  elevated  levels  of 
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dissolved  Mn  (400x  ambient  seawater)  and  dissolved  Si  (dOx  ambient  seawater);  dissolved  Fe  was  not 
enricbed;  dissolved  Hg  was  depleted  as  compared  to  ambient  seawater  (Sedwick  et  al.  1989).  These  'end- 
member'  data  vdll  be  valuable  in  interpreting  the  results  of  the  plume  research  proposed  here  (see  below). 


The  results. of  our,  initial  sainpliiig  at  JCupapaa  Point  has  suggested  a  seriK  of  research  hypotheses  .  I 

which  weiwisb  to  test-dunng  the  proposed  research:  : 


1. - Lara-seawater  interactions  lead  to  oburvable  change  in  the  composition  of  overlying  seawater,  and 

lead  to  particle,  formation  iii  the  resultant  surface  plume.  The  ^ects  of  photochemic^  reactions  will 
lead  toTomr  r^«,of  metal  oxidation  in  t^  pluine  tlm  have  been  measured  previously  in  deep  water 
hydroAermal  plumes. 

2.  The  temporal  and  spatial  variability  of  the  volcanic  activity  will  result  in  observable  variation  in  the 
composition,  size,  and  location  of  tbe  plume,  ^e  dispersal  of  this  buoyant  plume  into  the  surrounding 
water  will  be  a  function  of  the  hydrodynamic  wd  meteorological  conditions. 

3.  The  compr^tioh,  of  the.  altered  seavrater  wffl  help,  define 'the  nature  of  the  mteractions  between 
oligotroptuc  seawater  and  lava.  The  v^bility  of  the  nearshore  lava  flows  will  be  used  to  help  understand 
the  interactions  with  both  molten  and  cooled  lavas. 


4.  The  surrounding  bottom  cover '  dll  show  the  effects  of  particle-generating  lava-seawater  interactions. 

5.  Measurements  of  water  composition  at  depth  on  transects  running  offshore  will  indicate  the  veal  extent 
of  submarine  lava  flows  both  downslope  and  alongsicpe. 

The  following  section  describes  in  detail  the  spediic  research  we  propose  to  test  these  hypotheses. 


PROPOSED  RESEARCH 

In  general,  we  will  attempt  to  determine  the  dynamics  of  Si,  Fe,  Mn,  Ni,  Cu,  Zn,  As,  Ca,  and  Mg  in 
this  system.  The  objectives  of  these  studies  is  to  determine  the  cycling  of  these  elements  throughout  the 
resulting  buoyant  plume,  and  to  use  them  in  order  to  determme  the  distribution  of  active  submarine  lava 
downslope  and  alongslope. 

Sampling  Strategy 

We  propose  a  series  of  short  cruises  to  collect  water  and  bottom  samples  to  test  the  research 
hypotheses  outlined  above.  We  plan  to  sample  four  times  in  year  1  (t'vee  times  with  a  26'  commercial  ffshing 
boat,  and  once  with  R/V  lOla),  and  three  times  in  year  2  (two  limes  with  the  fishing  boat,  and  once  with 
Kiia).  The  boat  sampling,  which  will  be  conducted  over  separate  cruises  on  two  consecutive  days,  will 
emphasize  nearshore  collection;  the  KiUt  cruises  will  emphasize  deepwater  sites,  and  will  run  for  three  days. 

A  CTD/transmissometer  combination  will  be  used  to  locate  the  spatial  extent  of  the  hydrothermal 
plume.  A  self-contained  CTD  system  will  be  purchased  partia'ly  with  project  funds  (see  'TBudget  Justification", 
below);  the  transmissometer  be  available  to  us  through  the  courtesy  of  Dr.  Mike  Mottl.  Seawater 
samples  will  be  collected  with  acid-washed  Go-Flo  bottles  lowered  on  a  Kevlar  cable.  Suspended  particle 
samples  will  be  collected  by  filtering  either  bottle-collected  samples,  or  samples  obtamed  with  a  ship-based 
peristaltic  pump. 
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Contract:  N00014-87-K-0181 
Seismology  &  Acoustics 


Long-term  aLF/VLy  Ambient  Noise  Measurements 
From  Make  Island  Hydrophone  Array 


C.  McCreery/D.  Walker 


Long-Term  ULF/VLF  Ambient  Ocean  Noise  Measurements 
from  the  Wake  Island  Hydrophone  Array 


Charles  S.  McCreery 
Daniel  A.  Walker 


Under  this  contract,  special  amplifiers  were 
designed  and  fabricated  for  hydroacoustic  monitoring. 
These  amplifiers  provided  increased  gain  and  improved 
anti-aliasing  over  earlier  models  and  for  enhancement  of 
both  short-  and  long-period  signals.  The  amplifiers 
successful  operation  is  indicated  by  the  high  quality  of 
the  data  contained  in  subsequent  publications,  see 
attached  final  technical  report  and  publication  listing 

(pp.  8). 
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August  1, 1994 


Dr.  Randall  Jacobson 
Science  Officer,  Code:1125GG 
Office  of  Naval  Research 
800  Quincy  St. 

Arlington.  VA  22217-5000 

Dear  Randy, 

Enclosed  please  find  the  final  technical  report  for  N00014-90-J-1683.  As 
you  know,  the  work  is  far  from  complete,  but  finding  is  no  longer  available  to 
contiiiue  the  work. 


Sincerely, 


K.  Duennebier 


cc:  Administrative  Grants  Officer,  ONR 
Director,  NRL 

Defense  Technical  Information  Center 
Dr.  David  Yount,  Vice  President  for  Research,  U.H. 
Dr.  Barry  Raleigh,  Dean,  SOEST 
Office  of  Research  Administration,  UHM 
c/Chris,  SOES  r  Fiscal  Office 
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REPORT  OF  INVENTIONS  AND  SUBCONTRACTS 

(Pww^n,  <0  /l.yh,.  -  Cont.^a  Chu,.-)  (5<-r  to...on.<».,  on  s,de  ) 


Low  Frequency  Ocean  Noise  Analysis 
N00014-90-J-1683 
Final  Technical  Report 

ANALYSIS  OF  LOW  FREQUENCY  OCEAN  NOISE: 

(1)  FROM  A  LONG-TERM  EXPERIMENT  ACROSS  THE  U.S.  EAST 

COAST.  AND 

(2)  FROM  THE  WAKE  ISLAND  HYDROPHONE  ARRAY  DURING 

NORTHWEST  PACMC  TYPHOONS 

Charles  S.  McCreery,  Frederick  K.  Duennebier,  and  Daniel  A.  Walker 
School  of  Ocean  and  Earth  Sciences  and  Technology 
University  of  Hawaii  at  Manoa,  Honolulu,  HI  96822 


July  22. 1994 


LONG  RANGE  OBJECTIVES 


The  long-range  goal  of  this  project  was  a  better  understanding  of  the 
mechanisms  of  generation  and  propagation  of  ambient  ocean  noise  at 
frequencies  between  about  0.05  and  50  Hz.  Although  it  is  generally  agreed 
that  most  of  the  ambient  noise  in  this-band  is  generated  by  ocean  gravity 
waves,  many  questions  remain  concerning  how  these  waves  act  to  produce 
the  wide  variety  of  characteristics  observed  in  the  ocean  noise  spectrum. 
Proposed  mechanisms  of  noise  generation  include  open-ocean,  shoreline- 
enhanced,  and  storm-  enhanced  non-linear  gravity  wave  interactions, 
shallow  water  gravity  wave  bottom  interactions,  surf,  and  open-ocean 
breaking  waves  or  whitecaps.  Propagation  mechanisms  include  acoustic 
waves,  non-acoustic  pressure  fluctuations,  and  Rayleigh  waves.  We 
utilized  two  unique  long-term  bottom  acoustic  data  sets  to  identify  specific 
noise  mechanisms  and  to  evaluate  environmental  conditions  under  which 
these  mechanisms  are  significant  contributors  to  the  ambient  noise  field. 

PROJECT  OBJECTIVES 

The  East  Coast  experiment,  called  the  Environmentally  ControEed 
Ocean  floor  NOise  Monitoring  Experiment  (ECONOMEX),  was  designed 
to  sample  ambient  noise  in  the  water  column  and  on  the  ocean  floor  across 
the  continental  shelf  and  slope  east  of  Chesapeake  Bay.  A  vertical  array  of 
hydrophones  in  the  water  column,  a  horizontal  array  of  hydrophones,  and 
three-component  seismometers  were  deployed  for  several  months  in  the 
spring  of  1991.  The  experiment  was  designed  to  coincide  with  the  Surface 
WAve  Dynamics  Experiment  (SWADE)  in  order  to  take  advantage  of  their 
extensive  measurements  of  surface  winds  and  directional  ocean  wave  spectra 
in  the  same  region.  This  comprehensive  and  long-term  data  set  pemnits  the 
identification  of  specific  noise  generation  and  propagation  mechanisms  for 
the  continental  shelf  and  slope,  and  evaluation  of  theii'  contributiop  to  the 
noise  field  under  a  wide  variety  of  ocean  surface  conditions. 

The  primary  goal  of  studying  data  from  the  Wake  Island  Hydrophone 
Array  is  to  quantify  changes  in  the  noise  field  due  to  the  extreme  ocean 
surface  conditions  produced  by  typhoons,  and  to  identify  mechanisms  by 
which  these  storms  produce  noise.  One  such  storm,  Typhoon  Doyle, 
passed  directly  over  some  of  the  Wake  hydrophones  in  August,  1988,  and 
numerous  other  typhoons  have  passed  near  Wake  since  1982,  when  the 
regular  recording  of  digital  noise  samples  from  the  array  began.  A 
secondary  objective  was  to  identify  o^er  mechanisms  that  contribute 
significantly  to  the  noise  in  deep  ocean  basins,  utilizing  this  unique  long- 
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term  time  series.  Although  the  Wake  smdy  lacks  the  comprehensive 
environmental  data  available  to  ECONOMEX,  it  is  aided  by  regular  surface 
wind  measurements  made  at  Wake  Island  by  the  National  Weather  Service, 
and  by  ocean  wave-estimates  from  U.S.  Navy  wave  models. 

SUMMARY  OF  RECENT  RESULTS 

Wake  Island  Hydrophone  Array.  Recordings  of  the  low  frequency 
noise  field  observed  on  the  Wake  hydrophones  were  made  between  1982 
and  June,  1994.  It  is  planned  that  recording  of  this  valuable  time  series  will 
restarted  shortly  and  continue  indefinitely.  Analyses  of  these  data  up  to 
1988  were  accomplished  under  this  contract.  Noise  levels  in  the  deep  ocean 
near  Wake  show  considerable  stmcture  in  their  variation.  Winter  months  are 
especially  characteri2ed  by  recurring  episodes  of  increased  energy  between 
0.1  and  0.2  Hz  that  usually  last  several  days.  The  episode  shown  in  Figs.  35 
and  36  of  McCreery’s  dissertation,  lasting  fix>m  Oct.  29  to  Nov.  3,  1988,  is 
displayed  for  two  of  the  Wake  hydrophones  -  one  at  850m  depth  (suspended) 
and  the  other  at  5500m  (bottom-mounted).  These  figures  show  the 
differences  in  noise  levels  from  the  mean  at  each  frequency  for  die  period 
shown.  The  shallower  hydrophone  (Fig.  36)  detects  the  direct  pressure 
signals  from  longer-period  ocean  gravity  waves,  seen  between  OcL  30  and 
Nov.  3  centered  at  about  0.06  Hz.  Narrow-band  striations  appear  within  this 
packet  of  energy,  indicating  dispersion  with  low  frequencies  arriving  first. 
Making  the  assumption  that  this  dispersion  reflects  the  arrival  time  of  a  train 
of  gravity  waves  at  the  hydrophone,  the  group  velocity  dispersion 
relationship  yields  a  distance  and  origin  time  of  waves  that  are  consistent 
with  generation  by  a  strong  extratropical  cyclone  that  was  moving  to  the 
northeast  off  the  coast  of  Japan.  This  strongly  implies  that  the  propagation 
mechanism  of  this  noise  to  the  hydrophone  is  direct  pressure  variations  at  the 
hydrophone  from  waves  passing  overhead.  However,  increased  noise 
between  0.1  and  0.2  Hz.  arrives  at  the  hydrophones  more  than  a  day  earlier 
than  the  0.06  Hz  signal.  If  we  assume  that  this  noise  was  generated  by  the 
same  storm,  then  the  higher  frequency  energy  must  have  traveled  to  the 
hydrophones  by  a  much  faster  mechanism  than  ocean  surface  gravity  waves, 
perhaps  as  Rayleigh  waves  generated  at  the  storai,  or  at  a  shore  line  near  the 
storm.  Although  we  observe  that  the  higher  frequency  noise  is  roughly 
twice  the  frequency  of  the  lower  frequency  noise,  it  does  not  appear  likely 
that  the  higher  frequency  energy  is  generated  by  the  classical  non-linear 
wave  interaction  microseism  mechanism  from  waves  passing  directly  over 
tire  hydrophone,  as  it  arrives  much  earlier  than  the  lower  frequency  noise. 

An  argument  in  favor  of  Rayleigh  wave  propagation  for  energy  near 
the  microseism  peak  is  that  the  noise  between  0.1 -0.2  Hz  measured  on  the 
deep  hydrophones  is  15  to  20  dB  higher  than  levels  observed  on  the  shallow 
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Figure  1.  Wake  shallow  and  deep  hydrophone  spectra  showing  earthquake 
Rayleigh  v/aves  (A),  typical  noise  (B),  high  ambient  noise  (C),  and  noise  at 
the  time  of  typhoon  Doyle  (D  and  E). 
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Figure  2,  ECONOMEX  ambient  noise  spectrograms.  Tnese  figures  show 
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observed  many,  times ’(OSS  Experiment,  ULFA'LF  Experiment,  and 
others).  It  appears  to  be  related  to  the  ocean  wave  spectrum  directly  above 
the  hydrophone,  and  the  noise  level  appears  to  have  little  or  no  dependence 
on  water  depth.  This  saturation  level  and  the  slope  of  the  noise  curve  are 
well  predicted  by  the  non-linear  wave  interaction  mechanism  for 
propagation  to  the  ocean  floor  of  pressure  flucmations  from  ocean  wave 
activity  (Longuet-Higgins,  1963),  coupled  with  the  predicted  ocean  wave 
spectrum  (Phillips,  1980,  and  Hasselmaim  et  al,  1976),  with  the  connection 
between  the  wave  spectrum  and  the  noise  specoum  made  by  Webb  and  Cox, 
1986.  There  appears  to  be  no  dependence  on  wave  direction  in  this  part  of 
the  wave  spectrum.  The  ocean  wave  amplitude  spectrum  samrates  at  high 
frequencies,  as  non-linear  effects  transfer  energy  to  lower  and  lower 
frequencies  with  increasing  wind  speed  and  fetch.  This  saturation  level  is 
characterized  by  the  Phillips'  constant  of  the  ocean  wave  spectrum.  The 
energy  in  the  wave  spectrum  is  propagated  downward,  by  wue  apparently 
lossless  mechanism  described  by  Longuet-Higgins,  as  pressure  variations 
detected  by  hydrophones.  The  Phillips'  constant  is  observed  in  the  ocean 
acoustic  noise  spectrum  as  the  HOLU  spectrum.  This  is  believed  to  be  a 
world-wide  constant,  independent  of  ocean  depth  (except  in  very  shallow 
water  where  the  direct  pressure  mechanism  begins  to  dominate.)  At  Wake, 
the  Holu  spectrum  is  observed  to  have  a  value  of  75  dB  re  l^Pa/VHz  at  4 
Hz,  and  a  slope  of  about  -23  dB/oct  averaged  over  many  years  of  data,  but 
with  a  standard  deviation  of  less  than  4  dB  at  4  Hz.  This  observation  is 
slightly  higher  than  predicted  by  the  theory,  with  a  slightly  lower  slope  (68 
dB  at  4  Hz  with  a  slope  of  -25  dB/oct.)  The  cause  of  the  difference  is 
unknown,  but  is  probably  a  combination  of  uncertainties  in  calibration  of 
the  WAKE  hydrophones,  and  lack  of  continuous  saturation  at  lower 
frequencies  in  the  data. 

Typhoon  Dovle.  The  crossing  of  Typhoon  Doyle  over  the  Wake 
hydrophone  array  in  1988,  provided  excellent  data  for  study  of  the  acoustic 
noise  spectrum  under  extreme  condidons.  Of  particular  interest  is  the 
depression  of  the  HOLU  spectrum  at  the  time  when  winds  were  strongest 
(Figure  32,  McCreery  Dissertation.)  When  noise  levels  above  5  Hz  reach 
their  maximum  levels  when  the  wind  speed  over  the  hydrophone  reaches  its 
highest  levels,  noise  levels  at  2  and  3  Hz  are  depressed  well  below  expected 
HOLU  levels.  One  possible  explanation  for  this  phenomenon  is  that  the 
high  winds  and  breaking  waves  generate  foam  at  the  ocean  surface  that 
attenuates  the  higher  frequency  waves.  Note  that  the  depression  of  the 
HOLU  spectrum  begins  and  ends  at  about  the  same  time  as  the  increase  in 
noise  level  above  5  Hz  (thought  to  be  generated  by  acoustic  noise  from 
braking  waves.) 
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Another  important  observation  is  the  change  in  noise  level  as  the  eye  of 
Typhoon  Doyle  passed  directly  over  hydrophone  76  (Figure  33,  McCreery 
Dissertation.) .  A  slight  but  significant  reduction  in  the  noise  level  above  2 
Hz.  is  observed,  implying  that  an  appreciable  amount  of  the  observed  noise 
at  frequencies  above_2  Hz  is  propagated  directiy  to  the  bottom  without  a 
significant  horizontal  path. 


Correlation  of  estimated  ocean  wave  spectrum  with  Wake  hydrophone 
noise  spectrum.  The  double  frequency  microseisni  mechanism  of  Longuet- 
Higgins  implies  that  there  should  be  a  strong  correlation  between  wave 
height  above  the  hydrophone  at  one  frequency  with  acoustic  noise  at  twice 
that  frequency.  In  Figure  27  (McCreery  Dissertation),  a  correlation  is  made 
between  the  ocean  wave  spectmm  at  Wake  predicted  by  the  U.S.  Navy 
Spectral  Ocean  Wave  Model  and  the  noise  levels  observed  at  the  same  time 
by  hydrpphone  74.  This  figure  clearly  shows  that  the  expected  2:1 
correlation  is  not  observed,  except  possibly  at  frequencies  below  0.2  Hz. 
Furthermore,  the  weakest  correlation  is  seen  at  frequencies  between  0.2  and 
0.3  Hz,  where  the  microseismic  noise  is  highest.  Above  0.3  Hz  a  strong 
correlation  between  5:1  and  10:1  is  observed.  It  is  unlikely  that  the  SOWM 
model  could  be  in  error  enough  to  explain  this  change  from  the  expected  2:1 
correlation  at  frequencies  above  0.2  Hz,  and  we  have  no  explanation  for  the 
observed  correlation.  The  decrease  in  correlation  between  0.2  and  0.3  Hz 
suggests  that  much  of  the  energy  in  this  band  (where  the  microseism  peak  is 
located)  is  generated  at  considerable  distance  from  Wake. 


Two  documents  are  included  as  appendices  to  this  report,  the 
University  of  Hawaii  PhD  Dissertation  of  (Charles  McCreery,  and  a  reprint 
of  a  paper.  Correlation  of  deep  ocean  noise  (0.4-30  Hz)  with  wind,  and  the 
Holu  Spectrum  -  A  world-wide  constant.  Although  this  is  a  final  report, 
work  still  progresses  on  these  results,  however  slowly  due  to  lack  of  funds. 


1993  PUBLICATIONS  SUPPORTED  BY  ONR 

McCreery,  C.S.,  F.K.  Duennebier,  and  G.H.  Sutton,  (1993),  Correlation  of 
deep  ocean  noise  (0.4-30  Hz)  with  wind,  and  the  Holu  Spectrum  -  a 
worldwide  constant,  J.  Acoust.  Soc.  Am.  93  (5),  2639-2648. 

,  McCreery,  C.S.,  G.H.  Sutton,  and  T.A.  Schroeder  (in  prep.),  Long-term 

0.05-lHz  deep  ocean  noise  from  Wake  hydrophones:  relation  to  north 
Pacific  storms  and  waves,  J.  Acoust.  Soc.  Am. 

McCreery,  C.S.,  F.K.  Duennebier,  andT.A.  Schroeder,  (in  prep.).  Ocean 
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PROGRESS  DURING  THE  PAST  YEAR  (1988-89) 

Under  our  current  ONR  fundina,  we  have  worked  on 
improving  the  the  post  processing  methods  used  on  SeaMARc  II 
data  to  produce  more  accurate  maps  and  more  faithful  acous¬ 
tic  image  representations  of  the  seafloor  surveyed  with  the 
system. ^  The  following  is  a  short  description  of  our  new 
processing  capabilities  and  results. 


1.  Side-scan  mosaioing  program 

Our  conventional  method  of  mosaicing  was  a  typical 
"out-and-paste"  technique  based  solely  on  the  ship's  naviga¬ 
tion.  This  new  program  allows  us  to  remove  the  image  dis¬ 
tortions  caused  by  changes  in  the  attitude  of  the  fish.  The 
improved  corrections  for  the  navigation,  pitch,  roll,  and 
yaw  of  the  fish  result  in  more  accurate  side-scan  mosaics,, 
and  better  consistency  between  neighboring  side-soan  swaths 
(Matsumoto  et  al.',  1986). 


2.  Side-scan  pixel  relocation  program 

Across  the  swath,  our  normal  side-scan  images  are 
corrected  only  for  the  slant  range  distortion  by  assuming  a 
flat  bottom  geometry.  If  the  relief  of  the  bottom  is  large,, 
the  error  due  to  this  assumption  becomes  large  enough  to 
distort  the  image,  rendering  it  inadequate  for  quantitative 
analysis  of  the  data.  To  correct  this  problem,  we  wrote  a 
program  which  relocates  the  pixels  across  the  swath  based  on 
the  bathymetry  data  (Reed,  1987) 


3.  Side-scan  intensity  bias  correction  program 

The  intensity  oz  our  side-scan  data  is  biased  by  the 
beam  pattern  and  by  the  system's  variable  gains  designed  to 
compensate  for  a  generic  bottom  acoustic  scattering  func¬ 
tion.  A  new  program  has  been  written  to  remove  all  the 
system's  gams  including  the  beam  pattern  of  the  arrays. 
The  resulting  image  intensity  is  unbiased,  and  individual 
pixel  values  represent  relative  backscattering  coefficients 
at  increasing  angles  of  incidence  across  the  swath 
(Matsumoto  et  al  ,  1986). 
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4.  Normalization  program  to  produce  a  backscatter  coeffi¬ 
cient  map  at  uniform  angles  of  incidence. 

A  backscattering  coefficient  map  is  the  synthesis  of 
all  the  capabilities  of  the  SeaMARC  II  system.  This  program 
requires  multiple  side-scan  images  of  the  same  area,  but 
with  different  look  angles.  Each  image  is  processed  by  the 
aforementioned  three  programs  to  remove  the  intensity  bias 
and  the  geometric  distortions.  By  coregistering  these  mul¬ 
tiple  images  of  the  same  bottom  area,  the  program  can  derive 
the  scattering  coefficients  of  that  bottom  normalized  at  a 
desired  angle  of  incidence  These  data  can  then  be  related 
to  the  type,  composition  and/or  roughness,  of  the  bottom  in 
the  scattering  cells  whose  width  are  between  50  to  200  ra 
depending  on  the  accuracy  of  the  coreqistration  (i  e.  navi¬ 
gation  accuracy  and  attitude  and  bathymetric  correction) 

A  back-scattering  coefficient  map  of  a  small  area  near 

the  Juan  de  Tuoa  Ridge  was  computed  as  a  test  of  this 
algorithm  (Matsumoto  et  al.,  1986).  The  results  are 
encouraging.  The  corresponding  map  produced  for  an  angle  of 
incidence  of  45  degrees  could  be  used  to  assess  the  rough¬ 
ness  characteristics  of  the  bottom  in  the  area.  However, 
for  lack  of  knowledge  of  the  SeaMARC  II 's  acoustic  source 
level,  these  computed  backscatter  coefficients  are  only 
relative.  In  addition,  while  computing  another  backscatter 
coefficient  map  (normalized  close  to  the  nadir  angle,,  i.e  , 
15  degrees)  we  found  that  a  large  amount  of  intensity  bias 
remains  in  the  data.  This  indicates  that  the  system's 
response  based  on  the  beam  pattern  data  (originally  measured 
in  1981  at  Lake  Pend  Oreille,  Idaho)  is  no  longer  suitable 
for  the  corrections  required  and  a  new  calibration  is 
needed . 


5.  Ridge  following  and  ping  stacking  routine  for  tlie  phase 
data  reduction. 

For  each  ping,,  the  SeaMARC  II  phase  data  are  regrouped 
into  a  two  dimensional  sample  histogram  of  travel  time  vs 
phase  angle.  A  new  routine  stacks  the  phase  data  from 
several  pings  and  applies  an  image  processing  technique 
called  ridge  following.  Compared  to  our  conventional  rou¬ 
tine  of  modal  picking,  the  new  processing  method  produces  a 
less  noisy,  and  more  consistent  bathymetry  map  (Matsuraoto  et 
al  ,  1985). 
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E.  PROGRESS  TO  DATE 

In  the  past,  the  Raman  Spectroscopy  Facility  at  HIG  has  been-  used 
primarily  for  studies  in  geochemistry,  petrology,  and  materials  sci¬ 
ences.  Since  the  beginning  of  our  current  funding  period  (March  1987), 
however.  We  have  dedicated  a  portion  of  the  laboratory  and  a  large 
portion  of  our  time  to  adapting  the  instruments  to  perform  analyses  on 
aqueous  samples.  We  have  successfully  obtained  spontaneous  and  reso¬ 
nance  Raman  spectra  from  200-ul  samples  placed  on  reflective  aluminum 
foil  using  our  Micro-Raman  probe.  We  have  and  will  continue  to  examine 
the  utility  of  capillary  tubes  and  hollow  fiber-optic  as  multi-pass 
internally  reflecting  sample  containers.  Preliminary  results  and  those 
of  Schwab  &  McCreery  (1987)  suggest  the  usefulness  of  a  capillary  wave¬ 
guide  technique  for  analyzing  dilute  solutes. 

Our  work  thus  far  has  focused  on  inorganic  nutrient  ions.  We  have 
repeated  the  experiments  of  Baldwin  &  Brown  (1972),  Cunningham  et  al. 
(1977),  and  Furuya  et  al.  (1979)  to  obtain  spontaneous  Raman  spectra  of 
NOj,  NOj,  and  PO^.  We  have  obtained  detection  limits  (10'^  -  10"^  for 
spontaneous  Raman  scattering  comparable  to  those  in  the  literature.  We 
are  able  to  obtain  our  spectra  S  to  180  times  faster  than  previous 
reports  and  at  2.5  to  10%  of  reported  laser  powers.  The  intensified 
gated  optical  multichannel  analyzer  system  (Princeton  Applied 

Research  OMA  III)  provides  us  with  most  of  our  advantage.  We  can  run  a 
complete  spectrum  with  I  sec  integration  times  and  60  repetitive  scans 
in  1  min,  so  our  sample  processing  time  is  reduced  and  photodecomposi- 

tion  is  much  less  than  previously  possible.  We  have  not  obtained  spon¬ 
taneous  Raman  spectra  for  NH^  yet  because  a  different  set  of  gratings 
is  required  to  measure  the  high  frequency  shifts  observed  with  this 
ion,  but  we  will  examine  this  ion  in  the  near  future. 

We  have  improved  on  sample  throughput  and  laser  power  require¬ 
ments,  and  slightly  lowered  detection  limits  obtained  for  nitrate, 

nitrite,  and  phosphate  by  spontaneous  Raman  scattering.  To  further 
improve  detection  limits,  we  have  begun  to  examine  possible  enhancement 
techniques,  such  as  Surface-Enhanced  Raman  Scattering  (SERS),  Resonance 
Raman  Scattering  (RRS),  and  Waveguide  Internal  Reflectance  Raman  Scat¬ 
tering  (WIRRS).  We  have  evaluated  and  continue  to  evaluate  the  SERS 
effect  on  ion  spectra  using  silver-coated  glass  surfaces  (frosted  glass 
and  capillary  tubes)  and  metallic  colloids  (silver  and  gold)  according 

to  Ni  &  Cotton  (1986)  and  Lee  &  Meisel  (1982).  We  have  repeated  the 
experiments  of  Sheng  et  al.  (1986)  to  evaluate  the  effects  of  sediment¬ 
ation  and  colloidal  particle  size  on  producing  SERS  activity  within  our 
experimental  system.  We  have  confirmed  that  sedimentation  of  Ag-col- 

loid  produces  fractions  with  varying  SERS  performance  presumably  due  to 

varying  particle  size  and  degree  of  coagulation.  With  10 "“M  crystal 
violet  (CV)  as  an  analyte,  we  obtained  SERS  enhancement  factors  of  10^ 
-  10^  over  CV  without  Ag-colloid.  We  found  that  SERS  activity  is  de¬ 
pendent  upon  the  colloid  fraction  and  time  elapsed  after  mixing  analyte 
and  colloid.  For  subsequent  work,,  we  have  employed  the  most  active 
fractions  of  Ag-sol. 

Using  a  chromogenic  reaction  and  RRS  with  488  nm  excitation, 
Furuya  et  al.  (1980)  were  able  to  measure  28  nM  NO  2  m  waste  and  treat¬ 
ed  water  and  projected  a  detection  limit  of  10  nM  By  combining  RRS 


and  SERS,  we  are  able  to  detect  NO  2  down  to  O.SnM.  We  repeated  the 
experiments  of  Furuya  et  al.  (1980)  with  the  following  modifications: 
(i)  NO  2  standards  were  prepared  in  distilled  water  and  we  employed 
Strickland  &  Parsons  (1972)  colorimetric  reaction  to  produce  an  azo 
dye,  (ii)  we  used  20mW  of  laser  power  at  the  sample  (they  used  200mW), 

(iii)  we  used  an  OMA  to  obtain  120  one  second  scans  in  two  minutes 

(their  scans  with  a  monochromator  typically  required  I  -  3  hours  !), 
and  (iv)  we  added  Ag-colloid  to  produced  the  combined  effects  of  RRS 

and  SERS.  Spectra  obtained  from  the  488  nni  excitation  line  for  a  range 

of  NO  2  concentrations  (5  x  lO"!®  -  5  x  10"°  M)  are  presented  m  Fig. 
IV-B  1.  The  peak  at  1070  cm"’  seems  to  remain  constant  in  intensity 
and  seems  to  originate  from  the  reagents.  The  peak  at  1246  cm"  ,  how¬ 

ever.  varies  with  NO  2  concentration  and  can  be  detectable  down  to  5  x 
10"’®  M  (spectrum  B;  Fig.  IV-B  1)  which  is  more  than  an  order  of  magni¬ 
tude  lower  than  the  current  standard,  i.e.,  the  chemiluminescent  tech¬ 
nique  (Garside,  1982).  We  are  currently  evaluating  normalization  pro¬ 
cedures  for  the  data  and  examining  the  linearity  of  combined  SERS  and 
RRS  responses  with  NO  2  concentration.  Once  our  tunable  laser  is  on¬ 
line,  we  will  use  the  same  approach  to  examine  the  detection  limits  of 
NH4'’'  and  P04'^  by  RRS  and  SERS. 

Analysis  of  NO  2  by  our  combination  of  Raman  techniques  presents 
several  potential  advantages:  (i)  extremely  low  concentrations  can  be 
detected,  (ii)  small  sample  volumes  are  required,  e.g.,  1-ml  of  sample 
was  reacted  with  0.02-ml  of  sulfanilamide  and  naphthylethylenediamine 
and  0.1-ml  was  analyzed,  (iii)  spectra  can  be  generated  in  1  -  2  min, 

(iv)  interference  from  coexistent  chromogenic  material  may  not  be  as 
problematic  as  in  colorimetric  techniques,  and  (v)  inorganic  salts  do 
not  interfere  with  Raman  scattering.  We  clearly  have  improved  upon  the 
technique  reported  by  Furuya  et  al.  (1980)  by:  (i)  lowering  the  detec¬ 
tion  limit,  (ii)  minimizing  photodecomposition  of  the  sample,  (iii) 
increasing  sample  throughput,  and  (iv)  simplifying  sampling  procedure. 
The  linearity  of  response  and  limitations  of  the  technique  are  current¬ 
ly  being  determined.  Natural  fluorescent  products  in  field  samples  is 
a  potential  problem  that  will  be  investigated  and  countermeasures  such 
as  quenching  agents  and  near  IR  Fourier  Transform  Raman  (pending  out¬ 
side  funding)  will  be  evaluated. 


Figure  IV-B  1.  Combined  Surface-Enhanced  and  Resonance  Raman  Scatter¬ 
ing  (SERRS)  spectra  of  azo  dye  complex  formed  with  varying  concentra¬ 
tions  of  nitrite.  Peak  due  to  NO 2  concentration  at  1246  cm"  ,  normali¬ 
zation  peak  at  1070  cm"  .  Excitation  at  488  nm  and  20mW.  Spectra 

produced  by  Princeton  Applied  Research  OMA  111  using  120  scans,  1-sec 
integration  time,  and  10  cm"'  resolution.  (A)  Reagent  blank  (1.5  x 
scale).  (B)  5  x  lO"'"!^  NOj  (1.5  x  scale),  (C)  1  x  lO'^M  NO,  (1.5  x 
scale),  (D)  2.5  ,x  10"*M  NO2  (1.5  x  scale).  (E)  5  x  10"'M  NO2  (lx 
scale).  (F)  5  X  10"^  NO 2  (I X  scale). 


Applications  of  Advanced  Multichannel  Laser  Raman 
Scattering  and  Laser-Induced  Fluorescence 
Spectroscopy  to  Problems  in  Marine  Chemistry 

Principal  Investigator;  Shiv  K.  Sharma 

Social  Security  No. :  213-90-7366 
Telephone:  948-8476 

Co-Investigator:  Gordon  T.  Taylor 

Social  Security  No.:  101-44-3458 
Telephone:  948-8741 

PROGRESS  REPORT  (March  1988  -  December  1988) 

During  this  grant  period,  our  work  has  been  focused  on 
improving  the  methodology  and  detection  limit  of  inorganic 
nutrients  in  seawater  using  a  combination  of  resonance  Raman 
scattering  (RRS)  and  surface-enhanced  Raman  scattering  (SERS) 
(SERRS  =  RRS  +  SERS)  on  silver  colloids.  We  have  found  that  it 
is  possible  to  detect  10' "  M  additions  of  NO'j  ions  in 
freshwater  and  seawater.  For  SERRS  measurements,  NO'  ions  were 
derivatized  as  an  azo  dye  complex  (Furuya  et  al .  .  1980)  whose 
absorption  spectrum  overlaps  with  the  SERS  excitation  profile  for 
colloidal  Ag  sols.  The  results  of  this  investigation  were 
reported  in  a  poster  paper  at  the  1988  Spring  meeting  of  the  AGU 
in  Baltimore,  May  16-20,  1988  (Sharma  gi  al. .  1988;  see  attached 
copy  of  poster  paper  for  details) .  It  was  found  that  the  1424 
cm’’  band  corresponding  to  the  N=N  stretch  of  the  azo  dye 
derivative  of  NO',  varies  linearly  with  the  added  concentration 
of  nitrite  (Fig.  1). 

Since  the  AGU  meeting,  a  flow-through  ..ERS  sampling  system 
has  been  developed  and  its  performance  has  been  optimized  (Fig. 
2).  Tests  were  conducted  to  determine  the  optimal  flow  rate 
which  allowed  for  maximal  Ag  sol-analyte  complex  formation  and 
minimized  photodecomposition.  The  system  was  then  modified  based 
on  the  results  of  these  tests.  The  flow-through  system  has  a 
sampled  volume  on  the  order  of  nanoliters  and  requires  a  total 
sample  volume  of  approximately  5-ml.  With  this  system,  problems 
associated  with  photodecomposition  are  minimized  and  the 
reproducibility  of  spectra  from  sample  to  sample  has  been 
substantially  improved. 

We  have  made  further  studies  of  the  colloidal  Ag  sols  with 
the  intention  of  improving  the  enhancement  of  the  SERRS  signal. 
Ag  and  Au  sols  were  prepared  according  to  Lee  and  Meisel  (1982), 
Sheng  et  al.  (1986),  Freeman  et  al .  (1988),  and  according  to  our 
modified  procedure  in  which  concentrations  of  reagents  (silver 
nitrate  and  sodium  citrate)  were  increased  by  a  factor  of  13 
(near  solubility  maximum  of  rgts.).  In  accordance  with  other 
authors,  we  found  that  Ag  sols  reduced  with  citrate  were  the  most 
effective  SERS  producers  under  our  test  conditions  and  were 
therefore  used  in  all  subsequent  measurements.  In  tests  with  a 
lO'^M  standard  crystal  violet  '(C.V.)  analyte,  the  sols  made  with 


our  modified  protocol  yielded  the  maximum  SERS  enhancement  in  the 
Raman  spectra  (Table  1) .  Unlike  those  reported  in  Sheng  gt  al, 
(1986),  Ag  sols  prepared  according  to  Freeman  et  al .  (1988)  and 

according  to  our  protocol  show  relatively  small  effects  of 
sedimentation  on  the  intensity  of  C.V.  spectra,  indicating  a  more 
uniform  particle  size.  We  therefore  no  longer  need  to  sediment 
our  sols  prior  to  use.  Ag  sols  prepared  according  to  our 
protocol  had  waveumber-dependent  enhancement  factors  of  30,300  to 
62,494  relative  to  unenhanced  C.V.  spectra  and  were  7.0  -  7.6 
times  more  effective  than  the  next  most  effective  sol  (O-IOO  ml 
fraction  Sheng  et  al. .  1986;  Table  1). 

We  have  repeated  measurements  of  nitrite  in  seawater  with 
these  new  Ag  sols  and  our  flow-through  SERS  system.  The  quality 
and  reproducibility  of  the  spectra  has  improved  considerably.  We 
are  in  the  process  of  quantitative  analyses  of  these  data.  We 
plan  to  present  this  work  at  the  International  Raman  Conference 
in  Calcutta,  India,  Nov.  2-6,  1988  (see  attached  abstract).  We 
are  also  in  the  process  of  examining  detection  limits  for 
phosphate,  ammonium,  and  silicate  with  our  improved  methodology. 

In  the  second  year  of  the  grant  (Jan  1989  -  Dec  1989)  ,  we 
propose  to  continue  our  evaluation  of  Raman  scattering  and  laser- 
induced  fluorescence  multichannel  spectrometric  techniques  for 
quantitative  analysis  of  low  concentrations  of  nutrients  and 
selected  classes  of  organic  molecules,  e.g.,  dissolved  organic 
nitrogen  (DON)  in  seawater  as  outlined  in  the  original  proposal. 
There  are  no  changes  in  the  second  year's  budget. 

REFERENCES 

Freeman,  R.D.,  R.M.  Hammaker,  C.E.  Meloan  and  W.G.  Fateley  (1988) 
A  detector  for  liquid  chromatography  and  flow-injection 
analysis  using  surface-enhanced  Raman  spectroscopy.  Appl. 
Spectrosc.  42 ,  456-460. 

Furuya,  N.,  A.  Matsuyuki,  S.  Higuchi  and  S.  Tanaka  (1980) 
Determination  of  nitrite  ion  in  waste  and  treated  waters  by 
resonance  Raman  spectrometry.  Water  Res.,  14 .  747-7  52. 

Lee,  P.C.  and  D.  Heisel  (1982)  Adsorption  and  surface-enhanced 
Raman  of  dyes  on  silver  and  gold  sols.  J.  Phys.  Chem.,  86 ■ 
3391-3395. 

Sharma,  S.K.,  G.T.  Taylor  and  K.  Mohanan  (1988)  Detection  of  low 
concentrations  of  nitrite  in  seawater  with  combined  surface- 
enhanced  and  resonance  Raman  scattering.  EOS,  69 ,  373 

(abstract) . 

Sheng,  R.-S.,  L.  Zhu  and  M.D.  Morris  (1986)  Sedimentation 
classification  of  silver  colloids  for  surface-enhanced  Raman 
scattering.  Anal.  Chem.,  58 .  1116-1119. 


Table  1.  Comparison  of  SERS  Intei.sities  for  Variety  of  Ag  Sols 
(Analyte  =  10' Crystal  Violet) 


Sol® 


Abs° 


Raman  Intensities' 


Enhancement  Factor' 


Fraction 

Max 

1175.6 

1371.7 

1620.9 

1175.6 

1371.7 

1620.9 

(ml) 

(nm) 

(cm'') 

(dimensionless) 

(w/o  SERS) 

589.9 

157 

184 

169 

1 

1 

1 

Sheng  et  al 

i  (1986) 

0-100 

418.9 

43599 

41791 

78138 

4902 

4009 

8161 

100-200 

418.9 

5983 

5597 

9180 

340 

272 

485 

200-300 

418.9 

3216 

2878 

4815 

273 

208 

379 

300-400 

417.6 

5886 

5888 

10093 

438 

374 

697 

400-500 

420.2 

9396 

8955 

15663 

320 

260 

495 

Freeman  et 

alj.  (1988) 

0-500 

4''3.9 

10946 

10538 

19929 

149 

122 

251 

0-100 

417.6 

4793 

4594 

8435 

86 

70 

141 

100-200 

417.6 

7206 

6733 

13179 

123 

98 

208 

200-300 

416.2 

3684 

3475 

6121 

62 

50 

96 

300-400 

417.6 

6972 

6490 

12668 

119 

94 

200 

400-500 

417.6 

3714 

3568 

5942 

62 

51 

92 

13X 

0-500 

445  6 

42667 

44073 

83490 

34378 

30300 

62494 

a  -  Silver  sol  prepared  according  to  citation  and  sedimented 
10-d,  except  for  0-500  fraction.  13x  =  original  recipe 
concentrated  thirteen-fold. 

b  -  Spectral  absorbance  maximum  of  analyte-sol  complex, 
c  -  Baseline-corrected  peak  intensities. 

d  -  Compared  to  crystal  violet  without  SERS,  corrected  for  beam 
attenuation. 


FIGURE  CAPTIONS 


Figure  1.  Variation  of  SERRS  intensity  at  1424  cm'^  (N=N  stretch) 
for  azo  dye  derivative  as  a  function  of  added  nitrite  to 
seawater.  Y-intercept  represents  a  background  "oncentration 
of  0.25  fiM  nitrite  in  the  seawater.  Excitation  =  488.0  nm, 
lOmW  at  sample,  slit  =  200  /tm,  exposure  time  =  1  sec,  60 
scans. 


Figure  2.  Schematic  of  flow-through  SERS  sampling  system 
developed  at  the  Hawaii  Institute  of  Geophysics.  Pumping 
system  is  a  multichannel  peristaltic  pump  with  matched  flows 
from  each  pump  head. 
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Applications  of  Advanced  .iultichannel  Laser  Raman 
Spectroscopy  to  Problems  in  Marine  Chemistry 


S.  Sharma  and  G.  Taylor 


1989  Progress  to  Date 


Although  measurements  of  all  major  nutrients  have  been 
performed,  our  work  thus  far  has  focused  on  nitrite  in  order 
to  optimize  our  system  and  identify  problems  and  limitations. 
Initially,  we  developed  our  flow  injection  sampling  cell, 
silver  colloid  formulation,  and  multichannel  SERRS  detection 
using  crystal  violet  as  an  analyte.  Our  paper,  entitled 
"Optimization  of  a  Flow  Injection  Sampling  System  for 
Quantitative  Analysis  of  Dilute  Aqueous  solutions  using 
Combined  Resonance  and  Surface-Enhanced  Raman  Spectroscopy 
(SERRS)",  describing  our  technique  has  just  been  accepted  for 
publication  by  Applied  Spectroscopy  (Taylor  e£  al .  .  1989) . 
With  10'^  crystal  violet  (CV)  as  an  analyte,  we  obtained  SERRS 
enhancement  factors  of  3.5  -  6.2  x  10‘  over  CV  without  Ag- 
colloid  (RRS) .  We  found  that  SERRS  activity  is  dependent  upon 
the  colloid  preparation  technique,  time  elapsed  after  mixing 
analyte  with  colloid,  and  excitation  wavelength.  We  have  been 
able  to  obtain  spectra  for  CV  as  dilute  as  1  x  10'’^  M. 

Using  the  azo  dye  derivative  of  nitrite  (Grasshoff,  1983) 
and  SERRS  spectrometry,  we  obtained  Raman  spectra  for  10'*  M 
nitrite  in  seawater  which  are  much  improved  over  Resonance 
Raman  spectra  such  as  presented  by  Furuya  et  al .  (1980)  (Fig. 
1;  note  scaling  factor).  We  have  found  that  the  quality  of 
these  spectra  is  pH-dependent  and  best  results  are  obtained  at 
pH  <  7.2  (Fig.  2).  Excellent  standard  curves  with  high 
correlation  coefficients  (r^  =  0.989  -  0.999)  and  near  zero 


Raman  Intensity  (  x  1000  ) 


intercepts  were  obtained  for  0-3  fiH  additions  of  nitrite  to 
seawater  using  baseline-corrected  peak  intensities  for  several 
peaks  (Fig.  3).  Colorimetric  analysis  of  our  seawater  blank 
and  reagents  indicated  a  background  nitrite  contamination  of 
63  and  11  nM/assay,  respectively.  As  a  result  of  these 
relatively  high  contamination  levels,  empirical  determination 
of  our  limit  of  detection  (LOD)  has  not  been  possible  thus 
far.  We  are  currently  taking  precautions  to  reduce 
contamination  problems,  such  as  using  methanol-washed  and 
recrystallized  reagents  and  UV-oxidized  seawater  to  determine 
our  LOD  directly.  Approximate  LCD's  can  be  calculated  as 
three  times  the  standard  deviation  of  the  intercept/slope 
(Womack  et  al .  (1987)  which  yields  values  of  6  -  12  nM.  Given 
our  contamination  problems  and  our  experience  with  distilled 
water,  we  are  confident  that  we  can  produce  lower  LCD's  with 
better  reagents  and  cleaner  seawater. 

We  have  analyzed  nitrite  from  offshore  depth  profiles  (20- 
1000  m)  on  two  occasions  and  have  encountered  difficulty  in 
accurately  determining  corrected  peak  intensities  or  areas  due 
to  variable  baseline  drift  caused  by  fluorescence.  To  address 
the  fluorescence  problem,  we  analyzed  untreated  subsamples 
from  the  nutrient  bottle  casts  using  our  SERS  protocol  to 
examine  the  distribution  of  dissolved  organic  matter  (DOM) 
that  may  cause  fluorescence.  We  have  obtained  distinctive 
SERS  spectra  for  each  depth  indicating  compositional 
differences  in  DOM  with  depth  (Fig.  4) .  As  an  example.  Figure 
4  presents  SERS  spectra  from  samples  from  the  base  of  the 
euphotic  zone  (130  m)  and  from  the  aphotic  zone  (1000  m)  . 
Spectra  from  both  samples  are  obviously  complex  and  contain  a 
great  deal  of  structural  information.  These  spectra  have  some 
common  features  and  many  dissimilarities.  For  example,  both 
samples  share  strong  vibrational  bands  at  1362.8  and  1649.4 
cm'^  which  may  be  attributable  to  ring  breathing  mode  of  a 
single  aromatic  ring  (Ar)  and  double  ring  breathing  mode  (Ar- 
Ar;  e.g.  ,  naphthalene),  respectively.  Aromatics  are 
notoriously  fluorescent.  Without  detailed  study  by 
fractionation  procedures  and  introduction  of  internal 
reference  standards,  we  cannot  confidently  make  assignments 
for  other  bands  at  present.  The  low  frequency  bands  of  the 
1000  m  spectrum  appear  to  be  more  complex  and  have  greater 
relative  intensities  than  those  of  the  130  m  spectrum 
suggesting  some  compositional  differences  between  the  DOM 
present  at  these  depths. 

Figure  5  presents  the  depth  distribution  of  peak  integrals 
for  one  minor  (1004  cm'';  breathing  mode  of  heterocyclic 
compound  such  as  pyridine)  and  tvjo  major  features.  Spectra 
were  baseline  corrected  to  compensate  for  fluorescence  by 
computer-generated  polynomials.  The  relative  abundances  of 
all  three  vibrational  bands  (1004,  1363,  and  1649  cm'')  appear 
to  vary  with  depth.  Confidence  in  these  data,  however,  are 
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constrained  by  three  correctable  limitations:  (i)  points 
represent  single  samples,  i.e.,  no  replication  due  to  limited 
sample,  (ii)  fluorescence  varies  with  depth  so  baseline  is 
approximated,  and  (iii)  possible  contamination  of  flow 
injection  system  from  previous  samples. 

We  have  observed  that  the  baselines  of  our  nitrite  spectra 
vary  with  depth  presumably  due  to  varying  concentrations  of 
fluorop'hores  which  makes  quantitative  analysis  of  seawater 
from  different  sources  difficult  with  our  current  system. 
Since  the  seawater  diluent  for  our  nitrite  standards  is  from  a 
single  source,  our  standard  curves  are  by  fluorescence.  The 
observed  depth-dependence  in  the  concentrations  of  aromatic 
materials  determined  by  direct  SERS  analysis  supports  this 
supposition.  We  are  in  the  process  of  modifying  our  system  to 
operate  with  near  IR  excitation  so  that  we  may  produce 
fluorescence-free  SERS  spectra. 

Analysis  of  NOj  by  our  combination  of  Raman  techniques 
presents  several  potential  advantages:  (i)  low  concentrations 
can  be  detected,  (ii)  small  sample  volumes  are  required,  e.g., 
1-ml  of  sample  was  reacted  with  0.02-ml  of  sulfanilamide  and 
naphthylethylenediamine  and  0.1-ml  was  analyzed,  (iii)  spectra 
can  be  generated  in  1  -  2  min,  (iv)  interference  from 
coexistent  chromogenic  material  may  not  be  as  problematic  as 
in  colorimetric  techniques,  and  (v)  inorganic  salts  do  not 
interfere  with  Raman  scattering.  We  clearly  have  improved 
upon  the  technique  reported  by  Furuya  ei  al .  (1980)  by:  (i) 
lowering  the  detection  limit,  (ii)  minimizing 
photodecomposition  of  the  sample,  (iii)  increasing  sample 
throughput,  and  (iv)  simplifying  sampling  procedure.  Natural 
fluorescent  products  in  field  samples  is  a  problem  that  will 
be  corrected  using  near  IR  Fourier  Transform  Raman 
spectrometry  and  SERS  or  UV-RRS. 


|1  BButa  Command/Ranging  System 

marine  instruments 

QUOTATION 


Mirtnt  lnMrum«nt« 
P.O.  Bex  498 
Catturnet,  MA  02534 
(608)  5534317 
FAX  (S06)  8544405 


Marina  Inilrvr 
217  MIddaatx  Tur> 
Bumnflton,  MA  c 
<8tT)  270- 
FAX  (517)  270- 


OHIVERSirX  OF  HAWAII 
'  DEPT.  SOEST 
2525  CORREA  ROAD 

KONOLOLU,  HI 
USA  96622 
DUICI  FOZZI 

REF  YOUR  VELEPKONE  REQUEST 

W  FEVONW  TO  VOUF INOUIFY  FIf  EFIFCtO  ttSVt 
lataa  ntFKOTo  quote  m  rouowt: 


PACE  1  OF 

1  PAGES 

D*rE  Of  OUOTI 

QUOTATION  MJM8CR 

03-Aug-1994 

M94-234 

E8TJMAT50  ^  5 

DAYS  ARO 

IH1PPINOOAT5 

TERMS; 

V 

DAYS 

OEICFIFTION 


09655-00001  MODEL  8011A  ACOUSTIC  COMMAND/  9500.00 

RANGING  SYSTEM  DECK  UNIT  (IN 
PORTABLE  SEALED  CASE) .  OPERATES  ON 
110V  OR  220  VAC. 

A1002-6460.0  MODEL  801 2A  ACOUSTIC  COMMAND/  3600.00 

2  RANGING  SYSTEM  TRANSDUCER  WITH  67 

METERS  CABLE.  USED  WITH  8011A.  NOT 
MATCHED  WITH  8011. 


09055-0008  i 

10 


8013A  DIAGNOSTIC  CABLES  &  SPEAKER 
FOR  TESTING  OF  8201/2  WITH  8011A 


650.00 


1.  THIS  QUOTATION  VALID  FOR  A  PERIOD  OF  60  DAYS. 

ALL  PRICES  ARE  FOR  r-r  TiJj*lPirn 
EXCEPT  AS  NOTED.  *“*  "ORRO 

2  THIS  QUOTATION  AND  ANY  ACCEPTANCE  THEREOF  IS  SUBJECT  TO 

{■)  APPUCAT10N  U.8  EXPORT  CONTROL  LAWS  AND  REGUUTIONS  AND 
(b)  LIMITED  TO  THE  TERMS  AND  CONDITIONS  ON  THE  FACE  AND  REVERSE 
SIDE  HEREOF. 

3  DELIVERY  AS  QUOTED  19  BASED  ON  CURRENT  PRODUCTION  AND 
INVENTORY  LEVELS,  AND  ALL  UNITS  ARE  SUBJECT  TO  PRIOR  SALE. 


UAK^E  INSTFUWENTS 


813750. 


VICKI  BARR' 
MARKETING  ASSISTAN' 


fOBM  KO  Hr 


